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Petrofabric  Analysis  of  Marbles  from  Mid-Stratlispcy 
and  Strathavon 

By  Donald  B.  McIntyre  and  Francis  J.  Turner 
Abstract 

Petrofabric  analyses  of  marble  specimens  from  three  widely 
separated  localities  in  Mid-Strathspey  and  Strathavon  are  recorded. 
Preferred  orientation  of  [0001]  in  the  constituent  grains  of  calcitc 
conforms  to  a  B-tectonite  pattern,  the  symmetry  axis  (B)  of  which 
coincides  with  the  b  axis  of  the  megascopic  fabric  (lineation  and 
fold  axis)  at  each  locality.  Development  of  ;01 12(  lamellae  in  calcite 
grains  is  attributed  to  late  minor  compression,  the  direction  of 
which  is  more  or  less  horizontal  and  trends  between  N.E.-S.W. 
and  E.N.E.-VV.S.W. 

Outline  of  Procedure 

This  paper  records  the  results  of  petrofabric  analysis  of  four 
specimens  of  marble  collected  from  three  widely  separated 
masses,  believed  to  be  tectonic  inclusions,  in  Mid-Strathspey  and 
Strathavon  in  the  northern  part  of  the  Grampians  of  Scotland  (Text- 
fig.  1).  It  is  thus  an  appendix  to  McIntyre’s  (1951)  account  of  the 


Text-fig.  1. — Locality  map.  A.  Aberdeen  ;  F.  W.  Fort  William  ;  I.  Inver¬ 
ness.  The  marbles  described  were  collected  at  Tomintoul,  T.  ; 
Dulnain  Bridge,  D.  ;  and  Ord  Ban,  O. 
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tectonics  and  megascopic  structural  petrology  of  the  area  between 
Grantown  and  Tomintoul.  It  also  illustrates  the  fabrics  encountered 
in  naturally  deformed  marble,  and  interprets  these  dynamically, 
following  the  method  recently  described  by  Turner  (1953). 

In  each  case  the  crystal  axis  [0001]  and  all  visible  lamellae  and 
cleavages  were  located  and  identified  in  at  least  100  grains  distributed 
over  several  widely  separated  traverses  in  one  or  more  sections  cut 
normal  to  the  foliation.  The  fabrics  were  found  to  be  substantially 
homogeneous,  in  that  orientation  diagrams  for  two  groups  of  fifty 
grains  in  any  one  specimen  showed  almost  identical  patterns  except 
in  one  rock  (from  Ord  Ban).  The  prevalent  lensoid  grain  outlines  and 
presence  of  {0lT2}  lamellae  in  most  grains  are  evidence  of  metamorphic 
deformation.  However,  a  general  absence  of  marginal  granulation 
and  internal  distortion  of  grains  (except  to  some  extent  in  specimens 
from  Ord  Ban)  suggest  that  the  main  deformation  responsible  for  the 
present  shape  of  grain  was  synchronous  with  metamorphic  crystalliza¬ 
tion.  We  think  it  likely  that  visible  lamellae  (except  some  broad 
lamellae  in  the  Ord  Ban  specimens)  are  products  of  a  later  minor 
phase  of  post-crystalline  deformation.  This  problem  and  the  dynamic 
interpretation  of  such  lamellae  will  be  taken  up  for  each  specimen 
individually. 

As  regards  development  of  {0112}  lamellae,  it  is  possible  to  dis¬ 
tinguish  several  categories  with  mutual  gradations.  In  what  are  termed 
nontwinned  sets  of  lamellae,  the  individual  lamellae  are  so  narrow 
that  twinning  within  them  cannot  be  recognized  by  optical  means. 
In  twinned  sets,  some  lamellae  are  broad  enough  for  symmetrical 
dilferenccs  in  extinction  between  adjacent  lamellae  to  be  optically 
recogni/.able.  Arbitrarily  such  sets  are  classified  as  “  poorly  twinned  ", 
“  strongly  twinned  ”,  "  half  twinned  ",  and  so  on,  according  to  the 
degree  of  development  of  the  twinned  lattice  within  the  grain.  Obviously 
a  grain  classed  as  "  nontwinned  "  or  "  poorly  twinned  "  may  in  fact 
be  almost  completely  twinned.  This  question,  too,  will  be  taken  up  in 
individual  cases.  Taking  into  account  the  degree  of  twinning  exhibited 
by  dilTcrent  grains,  it  is  possible  to  draw  several  kinds  of  dynamic 
inferences  from  preferred  orientation  data  (cf.  Turner,  1953): — 

(1)  Where  there  is  incipient  twinning  on  an  {002}  plane  of  a  given 
lattice,  the  two  mutually  perpendicular  stresses  (a  tension  and  a 
compression)  which  would  be  most  eficctive  in  causing  twin  gliding 
on  that  {0112}  plane  can  readily  be  located  graphically.  Both  lie  at 
45"  to  the  pole  of  the  {0112}  plane  in  question,  upon  the  great  circle 
connecting  that  pole  with  [0001]  of  the  initial  lattice;  the  tension 
axis  is  inclined  at  19"  and  the  compression  axis  at  71"  to  [0(X)1].  If 
tension  and  compression  axes,  so  constructed  for  all  such  grains  in  a 
rock  fabric,  are  closely  grouped  on  an  orientation  diagram,  it  is 
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reasonable  to  conclude  that  a  tension  or  a  compression  corresponding 
to  the  two  respective  centres  of  concentration  brought  about  the 
observed  twinning  (cf.  Text-fig.  2e). 

(2)  Where  the  most  prominent  sets  of  {0lT2}  lamellae  of  some  grains 
are  nontwinned,  their  poles  may  be  concentrated  in  a  well-defined 
restricted  region  of  the  orientation  diagram.  Here  compression  normal 
to  the  mean  plane  of  such  lamellae  may  have  been  responsible  for  their 
development.  In  experimentally  deformed  marble  similar  nontwinned 
lamellae  tend  to  develop  normal  to  a  compression  axis  where  the  grains 
are  so  oriented  in  the  stress  field  as  to  preclude  twin  gliding  on  any 
of  the  three  I0lT2}  planes  of  the  lattice. 

(3)  In  many  marbles  the  majority  of  grains  show  two  well  developed 
sets  of  {0112}  lamellae,  the  third  being  inconspicuous  or  absent.  By 
analogy  with  experimental  data  (cf.  Turner  and  C'h'ih,  1952,  p.  901 ; 
Griggs,  Turner,  Borg,  and  Sosoka,  1952,  p.  1404)  concentrations  of 
edges  between  such  lamellae  may  indicate  extension  parallel  or  com¬ 
pression  normal  to  the  concentration. 

f  inally  wc  note  the  tendency  for  [0001]  to  become  aligned  parallel 
to  an  axis  of  compression  or  normal  to  an  axis  of  elongation  in  marble 
experimentally  deformed  at  20"’  C.  to  3(X)'’  C.  without  appreciable 
recrystallization  (cf.  Griggs,  Turner,  Borg,  and  Sosoka,  1952,  pp. 
1395,  1396).  Where  a  natural  fabric  shows  a  single  concentration  of 
[0001]  axes  normal  to  a  foliation  defined  by  parallel  elongition  of 
lensoid  grains,  it  is  possible  that  the  main  phase  of  deformation 
involved  compression  at  a  high  angle  (not  necessarily  90’)  to  the  folia¬ 
tion.  This  interpretation  neglects  the  possible  influence  of  rtcrystalli/a- 
tion  as  an  orienting  mechanism  in  metamorphism  of  marble. 

Dai.raoian  Marble,  Tomintoul,  Banffshire 
Tectonic  Setting. 

The  specimen  (0  6)  comes  from  a  roadside  quarry  about  i  mile 
north-west  of  the  village  of  Tomintoul,  Banffshire.’*  In  this  vicinity 
Dalradian  marble  and  graphitic  schist  build  a  major  recumbent  fold 
into  whose  core  projects  a  large  tongue  of  Moine  rocks.  Fold  axes, 
rodding  and  b  lincation  (normal  to  the  symmetry  plane  of  the  micro¬ 
scopic  fabric)  together  define  a  tectonic  axis  which  plunges  consistently 
at  30’  toward  the  south-east.  Major  and  minor  folds  indicate  a  uniform 
sense  of  deformation,  such  that  the  displacement  of  upper  units 
relatively  to  lower  was  south-westward  across  this  plunging  axis. 

General  Character  of  Fabric 

The  rock  is  a  rather  pure  calcite  marble,  with  graphite,  quartz. 


See  map  (figure  2)  in  McIntyre,  1951,  p.  3. 
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and  white  mica  as  minor  constituents.  It  has  a  single  foliation  defined 
by  dimensional  orientation  of  lensoid  grains  of  calcite  and  by  local 
concentration  of  parallel  flakes  of  graphite.  Fine,  inconspicuous 
lineation  is  visible  in  most  specimens.  For  reference  purposes  the 
foliation  plane  is  tentatively  selected  as  the  ah  plane  of  the  fabric  and 
the  lineation  as  the  h  axis. 

Field  data  are  as  follows: — 

Foliation,  ah,  strikes  N.  42’  E.  and  dips  30’  to  S.E. 

Lineation,  h,  plunges  at  29’  to  N.  1 30’  E. 

Microscopic  measurement  of  calcite  grains  in  mutually  perpendicular 
sections,  cut  parallel  to  ac  and  he  respectively,  give  the  following  average 
grain  dimensions  parallel  to  the  three  fabric  axes:  a,  0-45  mm.; 
h,0-6  mm. ;  r,  0-25  mm.  The  tabular  habit  is  unrelated  to  crystallo¬ 
graphic  orientation.  Grain  outlines  are  sharp  and  approximately 
planar;  internal  strain  and  undulose  extinction  are  almost  absent. 
It  is  concluded  that  the  grains  attained  their  present  form  during 
deformation  which  was  accompanied  to  its  close  by  recrystallization. 

Preferred  Orientation  of  Calcite  Lattice 
The  preferred  orientation  of  [0001]  axes  of  calcite  is  illustrated  in 
Text-fig.  2a,  based  on  300  measurements  in  two  mutually  perpendicular 
sections.  The  pattern  is  that  of  a  B-tectonite,  with  a  distinct  girdle 
about  the  h  axis ;  but  there  is  also  a  strong  maximum  close  to  c  though 
situated  somewhat  eccentrically. 

As  in  the  case  of  most  artificially  deformed  marbles  (Turner  and 
C'h’ih,  1951,  p.  895,  pi.  2),  [0(X)1]  is  the  only  lattice  direction  to  show 
perceptible  preferred  orientation.  The  three  transverse  crystal  axes 
(a,,  a2,  and  a^)  were  plotted  for  each  of  thirty-five  grains  in  one  traverse, 
and  were  found  to  have  random  distribution  within  the  broad  zone 
normal  to  the  [(XX)I]  maximum. 

Analysis  (>/{0lT2}  lamellae  in  Calcite 

Most  grains  of  calcite  show  two  sets  of  rather  widely  spaced  {01 T2} 
lamellae,  the  third  being  inconspicuous  or  absent.  Text-fig.  2h  depicts 
the  pattern  of  preferred  orientation  of  prominent  lamellae  (usually 
two  per  grain)  in  IOC  representative  grains.  As  must  necessarily  follow 
from  the  preferred  orientation  of  the  grain  lattices  (Text-fig.  2a) 
there  is  a  minimum  concentration  at  h  and  a  broad  maximum  around  c 
of  the  fabric.  Edges  [e :  e’]  between  the  two  most  prominent  sets  of 
lamellae  in  each  grain  necessarily  occupy  a  broad  ah  girdle  (Text-fig.  2/). 

Optically  recognizable  twinning  is  insignificant;  it  is  shown  by 
two  sets  of  lamellae  in  10  per  cent  of  the  grains,  and  by  one  set  in 
another  40  per  cent.  In  the  remaining  50  per  cent  of  the  grains  all  sets 
of  lamellae  are  nontwinned.  Even  in  twinned  sets,  definite  twin 
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Text-ho.  2. — Tomintoul  marble,  specimen  0-6.  Plane  of  projection  is  normal  to  lineation  as 
measured  in  the  fidid.  f  oliation  is  right  and  left  ;  at  the  top  is  the  normal  to  foliation 
in  upward  direction.  The  horizontal  plane  through  south  (S)  and  cast  (f:)  is  shown 
as  broken  arcs.  All  projections  are  lower  hemisphere. 

(o)  300  c-axes  in  calcite.  Contours  J  1-2-3  5  per  cent  per  I  per  cent  area. 

(ft)  Poles  of  197  prominent  e-lamcllac  in  100  crystals.  Contours  J  I  2  4  per  cent  per 
1  per  cent  area. 

(c)  c-axes  of  the  52  twinned  crystals  out  of  100  crystals  examined.  Sub-maxima  marked 
X,  XI,  Y,  and  Z.  Contours  2  6  per  cent  per  I  per  cent  area. 

W)  Poles  of  c, -lamellae  in  44  nontwinned  crystals  out  of  100  crystals  examined. 

(f)  Axes  of  compression  (crosses)  and  tension  (dots)  which  would  give  maximum  resolved 
shear  stress  favourably  for  twinning  on  observed  twinned  e-lamellae.  C  and  T  are 
respective  centres  of  gravity  of  compression  and  tension  fields. 
if)  Intersections  [e;  ci]  of  100  pairs  of  prominent  c-lamellae  in  100  crystals.  Contours 
1-3-5  per  cent  per  1  per  cent  area. 
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lamellae  are  few  and  narrow.  It  is  safe  to  conclude,  then,  that  twinning 
is  in  the  incipient  stage  and  is  post-crystalline  (though  this  does  not 
preclude  the  possibility  of  repeated  twinning  to  completion  during 
preceding  paracrystalline  deformation). 

Comparison  of  Tcxt-fig.  2c  with  Text-fig.  2a  shows  that  twinning  is 
confined  to  crystals  whose  lattices  have  a  restricted  range  of  orienta¬ 
tion.  Following  the  procedure  previously  outlined  (Turner,  1953),  we 


Text -FIG.  3. — Tomintoul  marble,  specimen  0  6.  Orientation  as  in  Figure  2. 
(a)  Arcs  representing  mean  orientation  of  twinned  e-lamellae  corresponding 
to  sub-maxima  X,  X',  Y,  and  Z  of  text-fig.  2  c.  Glide-lines  are  shown 
by  full  circles,  and  sense  of  twin-gliding  by  arrows.  These  lamellae 
intersect  to  give  a  /3-axis  which  coincides  approximately  with  the  mega¬ 
scopic  6-axis.  C  and  T  are  inferred  compression  and  tension  centres 
of  text-fig.  2e. 

(h)  90  c-axes  of  quartz  grains. 

have  plotted  in  Text-fig.  2e  the  respective  directions  of  applied  com¬ 
pressive  and  tensile  stress  that  would  be  most  effective  in  causing  twin 
gliding  on  the  observed  twin  plane  of  each  twinned  grain.  Clearly 
tension  T  or  compression  C  could  account  for  all  observed  twinning. 
In  either  case  the  strongest  {0lT2}  lamellae  in  those  grains  which 
lack  twinning  (Text-fig.  2d)  would  be  planes  of  low  resolved  shear 
stress  inclined  at  high  angles  to  the  direction  of  maximum  compressive 
force.  This  condition  holds  good,  too,  for  exirerimental  deformation 
of  marble  so  oriented  as  to  render  twin  gliding  impossible  on  most 
{01 T2}  surfaces  of  the  grain  lattices  (Turner  and  Ch'ih,  1951,  p.  898). 

Of  the  fifty-two  axes  of  twinned  grains  whose  orientation  is  shown  in 
Text-fig.  2c,  thirty-four  fall  within  or  very  close  to  the  four  areas  X, 
X',  Y,  and  Z  bounded  by  the  6  per  cent  contour.  The  {01 T2}  twin 
planes  of  all  grains  corresponding  to  any  one  of  these  axes-groups  are 
subparallel  to  one  another  and  so  may  be  represented  by  a  mean  plane 
of  twin  gliding — a  statistically  defined  .v-plane  of  the  marble  fabric. 
In  Text-fig.  3a,  arcs  representing  the  four  5-planes  of  twin  gliding 
are  lettered  to  correspond  with  the  four  axes-maxima  of  Text-fig.  2c. 
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On  each  arc  the  mean  glide  direction,  deduced  from  the  respective 
mean  positions  of  [0001]  and  of  (01 T2}  for  the  group  of  grains  in 
question,  is  indicated  by  a  full  circle.  The  four  planes  tend  to  intersect 
at  a  point  jS  close  to  A;  and  the  four  glide  directions  intersect  the  b 
axis  of  the  fabric  at  angles  between  70’  and  90’.  Thus  the  symmetry 
of  observed  twinning  movements  approximates  to  that  of  the  general 
rock  fabric. 

Preferred  Orientation  of  Mica  and  Quartz 

Measurement  of  {001}  in  tabular  flakes  of  mica  in  sections  respec¬ 
tively  parallel  to  ac  and  to  ab  of  the  fabric  shows  strong  preferred 
orientation  of  (001)  parallel  to  the  foliation,  and  a  slight  tendency 
toward  development  of  a  girdle  about  b. 

Small  equant  grains  of  quartz  are  scattered  sparsely  through  the 
marble.  A  plot  of  90  [0001  ]  axes  measured  in  widely  separated  traverses 
in  the  ac  section  shows  no  trace  of  preferred  orientation  of  the  quartz 
lattice  (Text-fig.  3A). 

Dynamic  Interpretation  of  Fabric 

There  are  still  only  meagre  experimental  data  relating  to  plastic 
deformation  of  marble  with  appreciable  accompanying  recrystallization. 
Griggs  and  Turner  (MS.  in  press)  have  found  that  prolonged  slow 
deformation  of  marble  at  300  C.  and  5,000  atmospheres  confining 
pressure  may  involve  recrystallization  accompanying  shear  in  a 
plane  inclined  to  the  compression  axis.  The  result  is  a  foliation  char¬ 
acterized  by  elongation  of  grains  in  the  AB  plane  of  the  strain  ellipsoid. 
This  plane  is  inclined  steeply,  but  is  not  perpendicular,  to  the  com¬ 
pression  axis.  Quartz  sand,  partially  recrystallized  under  high  con¬ 
fining  pressure  in  the  presence  of  a  suitable  solvent,  yields  a  fabric 
in  which  individual  grains,  regardless  of  lattice  orientation,  tend 
to  assume  lensoid  forms  aligned  in  the  plane  normal  to  a  simple  applied 
compression  (Kairbairn,  1950).  It  is  tempting  therefore  to  correlate 
the  analogous  calcite  fabric  of  the  Tomintoul  marble  with  compression 
more  or  less  normal  to  the  foliation.  But  this  would  not  account  for 
the  distinct  lineation  (b)  which  indicates  that  within  the  foliation  plane 
movements  and  shear  stresses  respectively  parallel  and  normal  to  b 
were  not  identical.  Rather  we  tentatively  note  that  the  mean  grain 
dimensions  of  the  Tomintoul  marble  are  compatible  with  deforma¬ 
tion  under  compressive  stresses  directed  normal  to  the  b  lineation, 
but  fluctuating  within  an  arc  on  either  side  of  the  mean  direction  c 
(normal  to  the  foliation). 

The  same  general  stress  picture — unequal  squeeze  normal  to  an 
extension  axis  A— is  suggested  by  general  similarity  between  the 
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respective  preferred  orientation  patterns  of  [0001]  in  calcite  of  Tomin- 
toul  marble  (Text-fig.  la),  and  in  calcite  of  Yule  marble  deformed  in 
the  laboratory  by  extension  (parallel  to  b)  under  high  confining  pressure 
(cf.  Griggs,  Turner,  Borg,  and  Sosoka,  1951,  p.  1399,  fig.  9b,  c). 

It  is  interesting  to  note  that  the  movement  picture  (cf.  Text-fig.  3a) 
deduced  from  incipient  late  twinning  of  calcite  grains  does  not  depart 
greatly  from  that  which  we  have  just  reconstructed  from  megascopic 
folding  and  from  preferred  orientation  data.  The  observed  twinning 
suggests  small-scale  slip  movements  on  planes  inclined  at  low  angles 
to  the  megascopic  foliation ;  the  causal  stresses  which  we  have  postu¬ 
lated — approximately  E.S.H.-W.N.W.  subhorizontal  compression  and 
steeply  inclined  tension — are  essentially  transverse  in  relation  to  the  h 
axis  of  the  main  fabric ;  and  the  sense  of  movement  (displacement  of 
upper  layers  towards  the  south-west)  conforms  to  that  indicated  by 
folding. 

Marble  of  Grantown  Series,  Mid-Strathspey 
Tectonic  Setting 

Two  specimens  (0-4  and  0-5)  were  collected  at  points  one  foot 
apart  in  the  old  quarries  near  Dulnain  Bridge,  Mid-Strathspey.*  Here 
marble  occurs  as  discontinuous  lenses  a  mile  or  so  in  length  enclosed  in 
dominantly  micaceous  schists  and  gneisses  of  the  Grantown  Series.  The 
latter  constitutes  a  great  tectonic  inclusion  several  miles  long  surrounded 
by  Moine  quartzo-feldspathic  schists  and  gneisses.  Axes  of  major 
and  minor  folds  and  accompanying  lineation,  both  in  marble  and  in 
associated  mica  schists,  plunge  approximately  south-eastward  at  about 
30'’.  Overfolding  is  uniformly  toward  the  south-west. 

General  Character  of  Fabric 

The  rock  is  a  calcite  marble  with  bands  of  calc-silicates  (including 
tremolite  and  zoisite)  which  are  assumed  to  represent  bedding;  quartz, 
brown  mica,  and  sphene  are  minor  constituents.  Parallel  to  the  bedding 
is  a  single  distinct  foliation  (ab)  marked  by  dimensional  orientation  of 
calcite  grains,  which  also  defines  the  b  lineation  within  the  foliation. 

Field  data  are  as  follows; — 

Foliation,  ab,  strikes  N.  28°  E.  and  dips  35°  to  S.E. 

Lineation,  b,  plunges  at  30°  to  N.  150°  E. 

Measurement  of  several  hundred  calcite  grains  in  two  mutually 
perpendicular  sections  (ac  and  be)  gave  mean  grain  dimensions  parallel 
to  the  three  fabric  axes  as  follows;  a,  0  6  mm.;  b,  0-75  mm.;  c, 
0-45  mm.  Grain  boundaries  are  sharp,  and  post-crystalline  deforma¬ 
tion  is  indicated  only  by  the  presence  of  sharp  {0112}  lamellae  in  most 
grains,  and  by  slightly  undulose  extinction  in  some. 

•  See  map  (figure  2)  in  McIntyre,  1951,  p.  3. 
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Ttxi-FKi.  4. —  Dulnain  Bridge  (Coldhonie)  marble.  Plane  of  projection  is  normal  to  lineation 
as  measured  in  the  field,  f  oliation  is  right  and  left  :  at  the  top  is  the  normal  to 
foliation  in  upward  direction.  The  horirontal  plane  through  south  (S)  and  east  (L) 
is  shown  as  broken  arcs. 

(а)  Specimen  ()•  5.  100  c-axcs  in  calcite.  Contours  I  -3  5  per  cent  per  I  per  cent  area. 

(б)  Specimen  0  5.  Poles  of  100  prominent  e-lamcllac  in  100  crystals.  Contours  1-2-6 
per  cent  per  I  per  cent  area. 

(c)  Specimen  0  5.  r-axes  of  the  34  twinned  crystals  out  of  100  crystals  examined.  In 
the  ruled  sectors  most  crystals  are  nontwinned. 

(</)  Specimen  0-  5.  Poles  of  e, -lamellae  in  66  nontwinned  crystals.  Contours  1 J-3  6  per 
cent  per  I  per  cent  area. 

(e)  Specimen  0  4.  c-axes  of  the  57  twinned  crystals  out  of  100  crystals  examined.  In 
the  ruled  sectors  most  crystals  are  nontwinned. 

(/)  Specimen  0  4.  e, -lamellae  in  43  nontwinned  crystals.  Contours  2-5  9  per  cent  per 
I  per  cent  area. 
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Preferred  Orientation  of  Calcite  Lattice. 

Orientation  diagrams  for  [0001]  in  calcite  of  both  specimens  of 
marble  from  Dulnain  Bridge  are  so  similar  that  only  one  (Text-fig.  4a) 
need  by  reproduced.  This  resembles  the  diagram  for  Tomintoul 
marble  (Text-fig.  la)  in  its  general  pattern,  except  that  the  ac  girdle  is 
more  completely  occupied,  and  the  concentration  of  axes  around  the 
pole  of  ah  is  somewhat  weaker  in  Text-fig.  4a  than  in  Text-fig.  la. 

Once  more  the  only  lattice  axis  to  show  perceptible  preferred 
orientation  is  [0001]. 

Analysis  a/  {01 12}  Lamellae  in  Calcite. 

Development  of  {0112}  lamellae  is  almost  the  same  as  in  the  Tomin¬ 
toul  marble.  Again  most  grains  show  two  sets  of  obvious  lamellae; 


Text-fig.  5. — Dulnain  Bridge  (Coldhome)  marble.  Orientation  as  in  Figure  4. 

(a)  Specimen  0  5,  (h)  Specimen  0  4.  Axes  of  compression  (crosses)  and 
tension  (dots)  which  would  give  maximum  resolved  shear  stress  favour¬ 
able  for  twinning  on  observed  twinned  e-lamellae.  C  and  T  are  respective 
centres  of  gravity  of  compression  and  tension  fields. 

(r)  Specimen  0  5.  Intersections  [e  ;  e']  of  78  pairs  of  prominent  e-lamellae 
in  100  crystals.  Contours  li-2)-5-8  per  cent  per  I  per  cent  area. 
(d)  Specimen  0-4.  Intersections  [e  :  e']  of  73  pairs  of  prominent  e-lamellae 
in  1(X)  crystals.  Contours  li-2j-5j-8i  per  cent  per  1  per  cent  area. 
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and  again  most  sets  of  lamellae  are  nontwinned.  Twinning  is  optically 
recognizable  on  one  set  of  {01 1 2}  planes  in  40  per  cent  of  the  measured 
grains,  and  on  two  sets  in  another  8  per  cent.  In  nearly  all  cases  twin 
lamellae  are  narrow  and  it  is  safe  to  conclude  that  twinning  is  in  the 
incipient  rather  than  the  final  stages  of  development.  _ 

Text-fig.  Ah  shows  the  orientation  of  all  prominent  {0lT2}  lamellae — 
twinned  and  nontwinned — in  a  sample  of  100  grains.  Inaccessibility 
of  a  few  potential  lamellae  (7  per  cent  of  the  total)  has  somewhat 
accentuated  the  mmimum  concentration  around  b\  but  this  does  not 
obscure  the  existence  of  a  definite  ac  girdle  for  lamellae  poles. 

For  both  specimens  from  Dulnain  Bridge  the  diagrams  for  [e.c'\ 
in  grains  with  two  strong  sets  of  {0lT2}  lamellae  show  strong  concentra¬ 
tion  of  edges  inclined  to  the  h  fabric  axis  at  angles  of  less  than  45'’ 
(Text-fig.  5c,  d).  This  probably  has  no  dynamic  significance;  for 
such  a  pattern  could  be  a  direct  consequence  of  the  strong  A-girdle 
pattern  shown  by  the  lamellae  concerned  (Text-fig.  Ah). 

Separate  consideration  of  definitely  twinned  lamellae  and  of  con¬ 
spicuous  lamellae  in  nontwinned  grains  leads  to  a  dynamic  interpreta¬ 
tion  closely  similar  to  that  reached  in  explaining  similar  data  for 
the  marble  of  Tomintoul.  The  [0001  ]  axes  of  twinned  grains  (Text-fig. 
4r,  Ac)  have  a  distinctly  limited  range  of  orientation  as  compared  with 
that  shown  by  the  general  axes  diagram  (Text-fig.  Aa).  Following  the 
procedure  described  for  twinned  grains  of  Tomintoul  marble,  all 
observed  twinning  could  be  accounted  for  (Text-fig.  5a,  h)  by  a  simple 
system  of  applied  stress,  namely  a  compressive  force  (C)  and  or  a 
tensile  force  (T)  acting  at  right  angles  to  it.  Again  we  find  that  poles  of 
prominent  lamellae  in  nontwinned  grains  (Text-tig.  Ad,  f)  tend  to  be 
grouped  around  the  compression  axes  deduced  from  twinning  in  other 
grains. 

Dynamic  Interpretation  of  Fabric. 

Extension  parallel  to  the  fold  axis  h,  induced  by  squeezing  normal 
to  h,  could  account  for  elongation  of  grains  in  h  and  for  the  ^-girdle 
pattern  of  [(XX)!]  axes  and  {0lT2}  lamellae.  A  somewhat  greater  con¬ 
centration  of  [0(X)1]  axes  at  high  angles  rather  than  sub-parallel 
to  ah,  and  the  shorter  mean  dimension  of  grains  parallel  to  c  as  com¬ 
pared  with  a  both  suggest  that  compressive  stresses  parallel  to  c  may 
have  been  greater  on  the  whole  than  those  parallel  to  a. 

The  stress  system  deduced  to  account  for  development  of  {0112} 
lamellae  in  the  last  stages  of  fabric  evolution  consists  of  a  subhorizontal 
N.E.-S.W.  compression  and  or  a  steeply  plunging  tensile  force 
approximately  normal  to  this.  The  symmetry  of  this  stress  system  does 
not  depart  appreciably  from  that  of  the  main  deformation  as  outlined 
in  the  preceding  paragraph. 
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Marble  of  Kincraig  Series,  Ord  Ban,  Mid-Strathspey 
Tectonic  Settinf,'. 

The  specimen  (0-3)  comes  from  a  disused  quarry  on  the  north¬ 
east  side  of  the  hill,  Ord  Ban,  above  the  western  shore  of  Loch  an  Eilean, 
Mid-Strathspey.  Here  marble  is  interbedded  with  folded  quartzite, 
the  tectonic  style  of  which  has  been  recorded  by  McIntyre  (1951a). 
The  specimen  was  collected  from  the  steeply  dipping  southerly  limb 
of  a  fold  (Text-fig.  6a)  whose  axis  plunges  at  8’  to  10'’  westward  in 
contrast  with  the  general  S.S.E.  plunge  of  fold  axes  throughout  the 
area  to  the  north  between  Grantown  and  Tomintoul.  Foliation  is 
parallel  to  bedding,  and  lineation  coincides  with  axes  of  major  and 
minor  folds. 

Field  data  for  the  marble  specimen  are  as  follows: — 

Foliation,  ab,  strikes  N.  106°  E.  and  dips  76°  to  S. 

Lineation,  6,  plunges  at  8°  to  N.  279°  E. 

The  rock  is  a  rather  pure  calcite  marble  with  diopside,  quartz, 
brown  mica,  and  sphene  as  the  main  impurities.  Foliation  (parallel  to 
original  bedding)  is  accentuated  by  concentration  of  silicates  in  some 
bands  as  well  as  by  variation  in  the  mean  size  of  calcite  grains.  Average 
dimensions  for  grains  of  calcite  as  measured  parallel  to  the  three 
fabric  axes  are :  a,  0-75  mm.;  6,0  85  mm.;  c,  0  65  mm.  Dimensional 
parallelism  of  grains  and  elongation  parallel  to  b  are  thus  much 
less  pronounced  than  in  the  other  two  marbles  described  in  this  paper. 

Preferred  Orientation  of  Calcite  iMttice. 

Text-fig.  66  is  an  orientation  diagram  for  117  [0001]  axes  measured 
in  100  grains.  In  seventeen  of  these,  twin  lamellae  are  so  broad  that 
it  is  impossible  to  distinguish  which  is  the  initial  and  which  is  the 
twinned  lattice ;  so  the  [0001]  axes  of  both  have  been  plotted.  Preferred 
orientation  is  weak ;  but  comparison  with  a  second  diagram  (Text-fig. 
6(  ),  based  on  measurements  in  a  section  of  different  orientation,  shows 
that  the  fabric  is  rather  homogeneous.  Both  diagrams  show  a  minimum 
in  the  vicinity  of  6  and  a  broad  sector  of  concentration  around  c. 
The  same  features  are  shown  in  diagrams  prepared  from  measurements 
on  a  second  specimen  of  marble  from  the  same  fold  limb  in  the  Ord 
Ban  quarry. 

Analysis  of  {0112}  Lamellae  in  Calcite. 

Lamellae  parallel  to  (01 T2}  are  present  in  every  grain,  the  usual  case 
being  that  in  which  two  sets  of  lamellae  are  well  developed  and  the 
third  is  weak  or  absent.  The  preferred  orientation  pattern  of  the 
most  conspicuous  lamellae  (114  in  100  grains)  is  not  strong.  It  is 
perhaps  significant  that  lamellae  tend  to  develop  subparallel  rather 
than  nearly  perpendicular  to  the  foliation. 
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Fext-fio.  6. — Ord  Ban  marble. 

ia)  Sketch  showing  position  of  specimen  in  fold,  and  co-oidinates  used. 

(b) -(f)  Plane  of  projection  is  normal  to  fold-axis  as  measured  in  the  field.  Foliation  is 

right  and  left  ;  c*  is  at  the  top.  The  horizontal  plane  through  north  (N)  and  west  (W) 
is  shown  as  broken  arcs. 

(6)  Specimen  0-3,  section  B.  117  c-axes  in  100  crystals  of  calcite.  Contours  l-l|-34-5 
per  cent  per  1  per  cent  area. 

(c)  Specimen  0- 3,  section  C\  70  c-axes  in  70  crystals  of  calcite.  Contours  I  i-3-5|  per 
cent  per  I  per  cent  area. 

(d)  Specimen  0- 3.  section  B.  Poles  of  1 14  prominent  c-lamellae  in  100  crystals.  Contours 

per  cent  per  I  per  cent  area.  The  small  circle  marked  X  indicates  the  normal 
to  section  B,  and  hence  the  centre  of  the  area  of  inaccessible  lamellae. 

(e)  Specimen  0-3,  section  B.  c-axes  of  27  narrowly  twinned  and  38  nontwinned  calcite 
crystals.  C  marks  centre  of  gravity  and  inferred  direction  of  compression. 

(/)  Specimen  0-3,  section  B.  72  c-axes  of  twinned  calcite  lattices.  In  each  case  the  major 
lattice  is  marked  by  a  cross  and  the  minor  by  a  dot. 
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Dynamic  analysis  of  twinning  in  calcitc  of  the  Ord  Ban  marble 
yields  inconclusive  results.  The  case  is  one  familiar  to  all  students  of 
marble  fabrics.  About  20  per  cent  of  the  grains  have  {0112}  lamellae 
so  broad  and  numerous  that  they  may  be  classed  as  “  half-twinned  ”. 
We  cannot  be  certain,  therefore,  whether  grains  showing  little  or  no 
twinning  are  in  fact  approaching  the  completely  twinned  state.  More¬ 
over  much  of  the  twinning  may  have  been  synchronous  with  the  main 
phase  of  recrystallization;  for  many  of  the  broad  lamellae  have 
irregular  curving  boundaries  which  are  difficult  to  reconcile  with  post¬ 
crystalline  deformation  as  we  know  it  from  experimental  experience. 

In  spite  of  these  uncertainties  some  inferences  regarding  the  deforma- 
tional  history  of  the  marble  may  be  tentatively  stated: — 

(1)  A  high  degree  of  deformation  has  evidently  been  attained  in  a 
considerable  percentage  of  calcite  grains — those  which  we  have 
termed  “  half-twinned  ".  From  what  we  know  of  experimentally 
deformed  marbles  we  should  expect  these  grains  to  be  associated  with 
others  (either  completely  twinned  or  nontwinned)  whose  lattices  are 
in  a  stable  position  with  regard  to  the  deforming  forces.  These  should 
have  their  [(XX)I]  axes  concentrated  close  to  an  axis  of  compression  or 
distributed  in  a  girdle  normal  to  an  axis  of  extension.  A  plot  of  [(XX)1] 
for  thirty-eight  “  nontwinned  ”  and  twenty-seven  “  slightly  twinned  ” 
grains  is  given  in  Text-fig.  6e.  These  show  a  decided  tendency  toward 
concentration  within  the  top  right  sector  of  the  diagram.  Whether 
twinning  is  in  the  initial  or  the  final  stages,  this  distribution  is  com¬ 
patible  with  deformation  induced  by  a  compressive  force  C. 

(2)  Both  [(XX)I]  axes  of  “  half-twinned  ”  grains  are  shown  in  Text- 
fig.  6J.  It  will  be  noticed  that  there  is  a  strong  grouping  of  axes  (usually 
[(XX)1]  for  the  least-developed  of  the  two  lattices)  around  the  point 
C  (as  deduced  from  7ext-fig.  6c').  Again  compression  along  a  direction 
in  the  vicinity  of  C  is  the  only  simple  applied  stress  that  could  account 
for  observed  twinning. 

(3)  Axes  of  tension  and  compression  most  favourable  to  develop¬ 
ment  of  observed  narrow  twin  lamellae  in  individual  grains  were 
determined  graphieally,  on  the  assumption  that  all  such  grains  arc  in 
the  early  stages  of  twinning.  The  directions  so  obtained  show  such 
irregular  distribution  as  contrasted  with  Text-figs.  2e,  5a,  and  5h 
that  we  must  conclude  that  many  of  the  grains  arc  in  the  final,  not  the 
initial,  stage  of  twinning. 

We  conclude  that  the  observed  twinning  in  calcitc  of  the  marble 
from  Ord  Ban  may  have  developed  under  compression  (C  in  Text-figs. 
6c,  f)  along  an  axis  trending  approximately  N.(:.-S.W.  and  plunging 
at  about  40’  to  the  N.fi.  Such  a  compression  is  nearly  normal  to  the 
axis  of  major  folding  at  Ord  Ban;  and  it  is  in  general  accord  with 


Petrofahric  Analysis  of  Marbles 


239 


the  system  of  late  stresses  postulated  to  account  for  the  minor  tw  inning 
observed  in  the  two  other  Strathspey  marbles  described  in  this  paper. 

Conclusions 

Petrofahric  analysis  of  three  marbles  from  Mid-Strathspey  leads  to 
these  conclusions: — 

(1)  Two  series  of  specimens  from  two  widely  separated  localities 
in  the  area  recently  described  by  McIntyre  (1951)  yield  patterns  of 
dimensional  orientation  of  calcite  grains  and  of  preferred  orientation 
of  calcite  lattices  which  conform  with  the  regional  trend  of  foliation, 
lineation,  and  fold  axes.  The  general  picture  is  characterized  by 


N 


rtXT-FiG.  7. — F.qual-area  projection  (lower  hemisphere)  showing  axes  of 
compression  (crosses)  and  tension  (dots)  inferred  to  account  for 
twinning  in  the  four  marble  specimens.  Plane  of  projection  hori¬ 
zontal.  I  Tomintoul;  2  Dulnain  Bridge  0-5;  3  Dulnain  Bridge 
0  4  ;  4  Ord  Ban  (compression  only).  B  regional  fold  axis  between 
Cirantown  and  Tomintoul. 

stresses  and  movements  directed  transversely  across  a  tectonic  axis 
plunging  at  about  30’  approximately  S.l!. 

(2)  Twinning  in  calcite  of  these  same  specimens  is  the  expression  of 
minor  post-crystalline  deformation,  probably  involving  subhori/ontal 
compression  in  a  N.H.-S.W.  or  I:.N.F.-W.S.W.  direction,  approxi¬ 
mately  transverse  to  the  same  tectonic  axis  (cf.  Text-lig.  7). 

(3)  The  third  specimen  comes  from  a  locality  (Ord  Ban)  outside 
and  to  the  south  of  McIntyre's  map.  Mere  the  tectonic  axis  deduced 
from  the  trend  of  folds  and  lineation  is  almost  l-^.W.  Dimensional 
orientation  of  grains  and  preferred  orientation  of  [(X)()l]  in  calcite  are 
less  regular  than  in  the  other  marbles  but  still  conform  roughly  to  the 
megascopic  fabric  pattern.  Twinning  is  strongly  developed  and  its 
dynamic  interpretation  is  fraught  with  ambiguity.  Nevertheless  it  is 
most  readily  explained  by  assuming  deformation  by  compression  along 
an  axis  plunging  at  about  40’  to  the  N.l!.  This  does  not  depart  greatly 
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from  the  direction  of  late  compression  deduced  to  account  for  twinning 
in  marbles  from  the  other  two  localities. 

(4)  Axes  of  compression  and  tension  deduced  to  account  for  twinning 
in  marble  from  all  three  localities  approximate  to  a  great  circle  normal 
to  the  mean  direction  of  the  S.E. -plunging  regional  axis  of  folding 
(Text-fig.  7). 
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An  Occurrence  of  Chrysotile  Asbestos,  Lsusliwana 
Valley,  Mbabane  District,  Swa/ilamI 

By  D.  R.  Hunter  ^ 

Abstract 

An  occurrence  of  chrysotile  asbestos  in  the  L'sushwana  river 
valley  some  10  miles  west  of  Mbabane,  has  been  sporadically 
prospected  since  its  discovery  in  1946.  No  fibre  of  economic  grade 
has,  however,  been  discovered  but  certain  features  concerning  the 
genesis  of  this  deposit  are  described  and  may  prove  of  value  in 
the  further  search  for  this  valuable  mineral. 

Cross-fibre  asbestos  is  confined  to  narrow  myloniti/ed  apple  green 
serpentinite  (totally  serpentini/ed)  occurring  as  sharply  demarcated 
bands  in  dark  blue-green  serpentinite  (partially  serpentini/ed). 

As  these  myloniti/ed  bands  decrease  in  width  they  pass  out  into 
fractures  less  than  an  inch  thick  filled  by  verde  antique,  sometimes 
with  traces  of  slip  fibre.  The  widest  myloniti/ed  band  located  was 
18  inches  wide  in  which  were  up  to  a  dozen  seams  of  fibre  of 
maximum  width  i  in. 

The  features  of  the  occurrence  suggest  that  fault  or  shear  action  has 
been  primarily  responsible  for  the  localization  of  this  deposit. 

I.  Introduction 

CHRYSOTILE  asbestos  was  discovered  in  1946  byaSwa/i  native, 
allegedly  as  the  result  of  a  dream,  in  the  Usushwana  river  valley, 
about  10  miles  west  of  Mbabane,  capital  of  Swaziland,  Southern 
Africa.  Since  that  date  sporadic  prospecting  has  taken  place  which, 
although  failing  to  locate  a  deposit  of  any  economic  importance, 
has  served  to  indicate  features  of  interest  which  may  be  of  value 
in  prospecting  other  bodies  of  a  similar  nature. 

n.  Geological  Setting 

Partially  serpentinized  ultrabasics  intrude  quartzites,  quartz-schists, 
and  amphibole  schists  for  which  the  writer  has  suggested  the  term 
Lower  Fig  Tree  Series  (Hunter,  1950,  p.  34),  which  comprises  the  oldest 
sedimentary  stage  of  the  Swaziland  System.  This  association  has  been 
intruded  first  by  the  Usutu  Granite  (one  of  the  G.2  post-Pongola 
System  granites),  and  secondly,  by  the  Usushwana  Complex.  The 
former  is  a  typical  grey  granite  composed  of  quartz,  orthoclase,  and 
microcline  with  subordinate  plagioclase  and  biotite.  The  term  Usush¬ 
wana  Complex  (Hunter,  1950,  p.  40)  has  been  coined  to  describe  a 
sequence  ranging  from  pyroxenite  to  microgranodiorite.  In  the 
Usushwana  valley  the  dominant  rock  type  of  this  Complex  is  a  quartz- 
diorite  with  a  small  isolated  dyke  of  microgranodiorite  (see  Text-fig.  1). 

The  serpentinites  in  question  intrude  quartz-schists,  cherts,  and 
quartzites  which  normally  strike  N.E.-S.W.  and  dip  S.E.  at  variable 

*  Published  by  permission  of  His  Honour  the  Resident  Commissioner 
of  Swaziland,  with  acknowledgments  to  the  Geological  Survey  Department. 
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angles  between  40'’  and  80’.  The  serpentinites  are  approximately 
conformable  and  appear  to  have  originated  as  sill-like  bodies.  They  are 
medium  to  fme-grained  blue-black  rocks  which  build  jagged,  prominent 
outcrops,  commonly  displaying  an  indefinite  gneissose  structure  which 
is  more  noticeable  towards  the  margins  of  serpentinite  bodies.  Micro¬ 
scopically  they  consist  of  a  groundmass  of  fibro-lamellar  antigorite 
with  ragged  laths  of  tremolite,  residual  cores  of  olivine,  magnetite,  and 
carbonate.  The  greater  abundance  of  residual  olivine  over  tremolite 
flakes  would  seem  to  indicate  that  the  original  rock  was  a  peridotite  or 
dunite. 

Rimming,  though  not  completely  surrounding  the  serpentinites  are 
soft,  yellow-brown  schists  composed  of  tremolite,  talc,  chlorite, 
magnetite,  and  some  carbonate.  These  occur  commonly  as  rectangular 
blocks  due  to  a  combination  of  well-developed  cleavages  and  schistosity 
planes.  A  fibrous  tremolite  has  been  found  sparingly  in  these  schists. 
The  contact  between  the  schists  and  serpentinites  is  quite  sharp,  the 
contact  serpentinites  being  very  “  slabby  ”. 

Due  to  the  absence  of  marker  horizons  and  a  sparsity  of  good 
outcrops  the  structure  of  the  area  cannot  be  elucidated  with  any 
certainty  but  it  appears  likely  that  the  main  body  of  serpentinite 
may  be  duplicated  by  folding.  Two  faults  occur ;  one  of  which  strikes 
N.E.-S.W.  and  is  economically  the  more  important  for  it  is  along 
this  line  that  the  chrysotile  asbestos  occurs.  This  fault  has  an  observed 
lateral  displacement  of  some  300  feet  in  the  S.W.  comer  of  the  area 
(see  Text-fig.  1).  The  second  fault  strikes  N.W.-S.E.  and  apparently 
terminates  in  the  vicinity  of  the  first-mentioned  fault. 

III.  Nature  of  Occurrence 

In  the  past,  three  trenches  and  two  adits  were  put  in  to  prospect  the 
body.  These  are  shown  in  text-figure  I,  numbered  I  to  IV,  II  and  III 
being  adits.  Slip  fibre  was  exposed  in  the  central  adit,  II,  and  in  the 
south-westernmost  trench.  III.  Cross  fibre  was  located  in  trench  IV 
near  the  junction  of  the  two  faults.  In  trench  I  to  the  north-west  a  little 
chrysotile  asbestos  was  located  at  the  contact  between  the  serpentinite 
and  the  talc-tremolite-chlorite  schists  which  surround  the  serpentinites. 
Adit  III  was  driven  through  serpentinite  with  some  slip  fibre,  whilst 
trench  V,  sunk  in  blue-black  serpentinite,  revealed  some  talcose,  very 
weathered  fibre,  possibly  chrysotile. 

In  adit  II  the  slip  fibre  occurs  closely  associated  with  serpentine 
mineral  (i.e.  verde  antique).  Steeply  dipping  or  nearly  slickensided 
fractures  are  filled  by  fibre  or  serpentine  or  both.  The  fractures  are 
about  i  in.  to  i  in.  thick  and  average  about  1  or  2  inches  apart. 
The  full  width  of  this  zone  has  not  been  exposed,  as  no  exploratory 
development  was  directed  across  the  strike.  It  seems  possible  that  it 
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is  not  less  than  10  feet  and  may  be  as  much  as  20  feet  wide.  The 
strike  of  the  cross-fibre  seams  located  in  trench  IV  is  the  same  as 
that  of  the  slip-fibre  fractures,  the  dip  being  almost  vertical.  Here  again 
prospecting  was  directed  along  the  strike  and  the  full  width  has  not  been 
exposed,  although  one  zone  of  fibre  about  18  inches  wide  was  located. 
The  cross-fibre  occurs  in  apple  green,  highly  sheared  serpentinite, 
zones  of  which  up  to  18  inches  wide  occur  separated  from  each  other 


Blue-black  partially  serpentinized 
rock 

Chrysolile  fibre 

Mylonitized  apple-green 

serpentinite 

Chrysotile  fibre 

Blue'black  partially  serpentinized 

rock 

0  12  3 

inches 

Text-fig.  2. — Section  of  block  of  serpentinite  from  asbestos  prospect  north 
of  Usushwana  River,  Crown  mineral  area  No.  14. 

by  variable  thicknesses  of  massive  blue-black  serpentinite  (see  Text- 
fig.  2).  The  surfaces  between  partially  and  totally  serpentinized  rock 
are  sharp,  often  slickensided. 

The  width  of  the  veins  varies  widely  with  a  maximum  of  |  in. 
and  an  average  of  v'V  in.,  which  figures  place  the  deposit  in  the  sub- 
economic  class.  The  percentage  fibre  cannot  be  assessed  as  there  is 
nowhere  a  full  exposure  of  the  fibre-bearing  zone.  The  position  of  the 
fibre  in  the  mylonitized  zone  varies:  in  some  the  fibre  lies  in  a  zone 
close  to  the  contacts  with  the  partially  serpentinized  rock,  whilst  in 
others  it  is  regularly  distributed  throughout  the  zone.  The  edges 
of  the  veins  are  notably  linear,  either  straight  or  gently  curving. 
The  edge  is  always  sharply  defined  and  even  up  to  magnification  of 
1(X)  X  no  trace  of  irregular  contacts  implying  replacement  could  be 
observed.  No  relationship  was  observed  between  the  width  of 
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serpentinization  and  the  width  of  the  asbestos  veins.  All  the  fibre 
was  apparently  developed  simultaneously  for  the  veinlets  commonly 
run  into  and  join  each  other  without  a  break.  No  vein  cuts  across  the 
line  of  the  sub-parallel  fractures.  The  veinlets  are  not  parallel  to  the 
edges  of  the  band  but  lie  at  a  slight  angle  to  it,  usually  about  10’. 

The  veinlet  may  be  filled  by  one  set  of  fibres  stretching  from  wall 
to  wall,  but  more  commonly  there  is  an  irregular  central  fissure  which 
marks  the  junction  of  fibres  growing  from  opposite  walls.  This  fissure 
varies  greatly;  it  may  be  closer  to  one  wall  than  the  other  or  it  may 
be  mainly  central.  Its  presence  may  be  marked  by  a  line  of  inclusions 
of  the  wall  rock,  by  a  thin  film  of  magnetite,  or  there  may  be  no  foreign 
matter  marking  the  break.  In  some  seams  one-half  contained  more 


Tlxt-fig.  3.— Section  of  chrysotile  fibre  seam  in  apple  green  myloniti/ed 
serpentinite.  About  3  2  natural  size.  Broken  line  indicates  contact 
between  silky  fibre  with  many  inclusions  of  apple  green  my  Ionite 
which  is  shown  without  symbols.  Solid  black  blebs  represent 
augen  of  blue-black  serpentinite  in  the  mylonite. 

inclusion  that  the  other  (see  Text-fig.  3).  Another  common  structure 
is  the  change  in  direction  of  the  fibres,  there  being  no  break  at  these 
bends. 

Magnetite  is  largely  confined  to  one  wall  in  the  veins  so  far  exposed, 
although  chips  and  seams  of  magnetite  along  the  central  fissures  are 
common.  In  some  seams  the  magnetite  is  clearly  replacing  the  chryso¬ 
tile,  as  seen  under  the  microscope.  In  those  veinlets  in  which  the  magne¬ 
tite  is  concentrated, along  one  wall  the  fibres  always  break  off  more 
easily  from  that  wall.  These  features  suggest  that  some  of  the  magnetite 
was  introduced  after  the  formation  of  the  fibres.  Microscopically  the 
mylonite  consists  of  bladed  antigorite  crystals  showing  only  a  rude 
orientation  in  most  cases  but  sometimes  having  a  well  defined 
parallelism.  No  residuals  occur  in  this  rock,  the  shearing  being  respon¬ 
sible  for  total  serpentinization.  It  is,  therefore,  important  to  recognize 
two  stages  in  serpentinization,  just  as  Cooke  did  at  Thetford,  C  anada 
(Cooke,  1937,  p.  139). 
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IV,  Relation  to  Wall  Rock 

The  proportion  of  the  serpentinized  zone  to  the  vein  has  been  studied 
by  many  observers,  notably  Dresser  (1913).  As  has  been  mentioned 
above  chrysotile  veins  occur  in  the  apple  green  ribbon  alongside  the 
partially  serpentinized  rock.  If,  as  Dresser  (1913,  pp.  61-6)  suggests, 
serpentinizing  solutions  passed  along  closed  cracks  in  which  fibre  was 
deposited  simultaneously  with  total  serpentinization  of  the  wall 
rocks,  then  it  would  be  expected  that  total  serpentinization  of  the 
wall  rock  would  be  proportional  in  extent  on  either  side  of  the  vein  to 
the  width  of  the  vein.  Text-fig.  3  shows  that  this  is  clearly  not  the  case 
in  this  occurrence. 

Some  but  not  all  vein  walls  show  slickensiding  which  is  due  to  fault 
movement  prior  to  the  formation  of  the  vein,  for  the  fibres  filling  the 
vein  are  not  disturbed.  Such  slickensided  planes  would  be  present 
in  a  mylonitized  rock.  Fibres  always  break  more  easily  from  these 
surfaces.  These  facts  are  important  for  they  show  that  the  original 
fissures  were  not  destroyed  by  the  fibre  growth  replacing  the  walls. 

V.  Genesis  of  Chrysotile  Fibre 

The  reader  is  referred  to  a  discussion  of  the  merits  of  the  various 
theories  to  the  able  summaries  by  Cooke  (1937),  Keep  (1929),  and 
Hall  (1930).  Bateman  (1950,  p.  292)  has  summarized  the  various 
theories  as  follows : — 

(1)  The  veinlets  are  fissure  fillings. 

(a)  In  openings  of  hydration  expansion  from  serpentine  solutions 

of  short  distance  transportation. 

(b)  In  fractures  produced  by  dynamic  stresses,  by  means  of  hydro- 

thermal  solutions  of  remote  source. 

(2)  Replacement  and  re-crystallization  of  serpentinite  walls  outward 

from  tight  cracks. 

(3)  Serpentine  extracted  from  rock  and  deposited  as  asbestos  in 

tight  fractures,  the  walls  are  pushed  apart  by  the  force  of  the 
growing  crystals. 

The  features  described  above  point  to  the  hypothesis  that  the  localiza¬ 
tion  of  this  occurrence  is  due  to  fault  or  shear  action,  which  mylonitized 
the  partially  serpentinized  peridotite  and  which  controlled  the  ingress 
of  the  asbestos-forming  solutions.  The  age  of  this  faulting  cannot  be 
determined  but  it  is  definitely  pre-Usushwana  Complex  as  these  rocks 
are  not  affected.  It  is  also  later  than  the  first  serpentinization  of  the 
peridotites,  which  was,  it  is  believed,  caused  by  the  water  present  in 
the  original  ultrabasic  magma  reacting  with  the  earlier  formed  minerals 
at  a  later  stage  in  the  crystallization.  It  is  highly  probable  that  the 
faults  can  be  attributed  to  adjustment  movements  at  the  time  of  the 
intrusion  of  the  Usutu  Granite. 
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The  end  products  of  the  total  serpentinization  in  the  fault  zones 
strongly  suggest  that  aqueous  solutions  or  vapours  were  responsible. 
The  presence  of  magnetite,  which  is  ubiquitous  and  in  some  places 
actually  replaces  the  fibres,  suggests  that  these  permeating  solutions  or 
vapours  were  heated.  It  is  believed  that  this  mineral  is  formed  at  high 
temperature  (Lindgren,  1933,  p.  637)  probably  in  excess  of  300°  C. 

It  is  considered,  therefore,  that  subsequent  to  mylonitization  heated 
aqueous  solutions  entered  the  sheared  zones  reacting  with  the  fault 
“  mush  ”  and  completely  serpentinizing  it  and  carrying  otT  the  excess 
to  be  deposited  as  asbestos  in  the  many  slickensided  fractures  which 
formed  an  integral  part  of  the  mylonite.  As  the  fault  material  would 
probably  be  only  moderately  consolidated  the  growing  asbestos 
crystals  met  little  opposition  when  they  opened  up  the  fractures  by 
the  force  of  their  crystallization. 

The  slip-fibre  and  verde  antique  probably  result  in  part  from  the 
original  mylonitization  and  partly  by  a  similar  process  postulated 
for  the  cross-fibre.  In  this  case  the  cracks,  being  very  small,  lead  to 
rapid  crystallization  to  a  glassy  serpentine. 

VI.  Conclusions 

The  foregoing  is  a  brief  summary  of  this  interesting  little  occurrence. 
It  is  appreciated  that  the  genesis  of  the  fibre  suggested  here  will  not  hold 
good  for  every  case  but  the  writer  believes  that  the  facts  observed  are 
sufficiently  conclusive  to  warrant  the  investigation  of  faulted  serpenti- 
nite  bodies  in  the  search  for  chrysotile  asbestos. 

The  writer  wishes  to  acknowledge  the  critical  reading  of  the 
manuscript  by  Dr.  H.  J.  R.  Way,  Director  of  the  Geological  Survey 
Department. 
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Flow  Structure  and  Laminar  Flow'  in  Bostonite  Dykes 
at  Arniidale,  New  South  Wales 

By  Alan  Spry 
(PLATE  X) 

Abstract 

West  of  Armidale  occur  a  number  of  dykes  which  intrude 
Woolomin  Group  greywackes  and  which  are  genetically  associated 
with  Permian  granite.  The  rocks  arc  similar  to  bostonites  and 
quartz-bostonites  and  show  remarkably  developed  How  structures 
which  indicate  the  condition  of  the  magma  at  the  time  of  intrusion. 

It  is  shown  that  intrusion  probably  took  place  by  laminar  flow 
despite  the  occurrence  of  a  pseudo-turbulent  structure  in  one 
dyke  and  it  is  suggested  that  evidence  of  turbulent  flow  is  unlikely 
to  be  preserved  in  intrusions  even  if  such  flow  did  occur. 

Introdl'ction 

THL  city  of  Armidale  lies  approximately  350  miles  north  of  Sydney 
and  the  rocks  discussed  occur  on  the  road  to  Yarrovvyck, 
about  8  miles  west  of  Armidale.  Voisey  (1942)  described  the  regional 
geology  of  the  surrounding  area  and  it  was  his  interest  in  these  rocks 
which  caused  this  work  to  be  undertaken. 


The  Field  Relations  of  the  Dykes 


The  bostonites  are  part  of  the  group  of  porphyries  which  represent 
the  last  episode  of  the  complex  Igneous  activity  which  resulted  in  the 
intrusion  of  the  great  New  England  Batholith  in  Permian  times. 
The  sediments  which  are  intruded  in  this  area  are  massive  greywackes 
(as  defined  by  Pettijohn,  1949)  belonging  to  the  Woolomin  Group,  a 
thick  eugeosynclinal  deposit  of  Lower  to  Middle  F*alaeozoic  age.  The 
regional  structure  is  not  yet  known  in  detail  but  the  trend  of  the 
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Text-fig.  1. — A  geological  map  of  the  area  around  the  main  dyke. 
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strike  of  the  sediments,  fold  axes,  and  the  elongation  of  the  main 
granite  mass  is  meridional  while  the  bostonite  dykes  are  sharply 
discordant  to  this  direction.  Text-figs.  1  and  2  show  the  intrusive 
pattern  with  one  large  dyke  and  ten  small  bodies.  The  major  dyke  is 
generally  straight  and  regular  and  has  been  followed  for  a  mile  with  an 
average  width  of  80  yards  and  a  direction  of  110^  (magnetic).  The 
igneous  rock  has  resisted  erosion  to  a  greater  extent  than  the  sur¬ 
rounding  sediments  and  expresses  itself  topographically  as  a  distinct 
and  persistent  break  of  slope  on  the  north  side  of  the  flat  river  valley. 
The  regularity  is  broken,  however,  where  the  dyke  crosses  the  creek 
and  in  this  zone  the  large  igneous  body  is  represented  by  ten  small 
dykes  which  are  irregular  both  in  shape  and  direction  of  elongation. 
These  dykes  are  only  exposed  where  the  creek  has  removed  the  4  feet 
or  so  of  alluvium,  and  it  is  these  bodies  which  show  interesting  flow 
structures  which  are  discussed  in  detail  later.  It  seems  probable  that 
the  large  dyke  was  intruded  along  a  major  tensional  break  caused  by 
the  intrusion  of  the  granite.  The  group  of  small  dykes  were  formed 
where  this  break  crossed  a  closely  jointed  zone  in  the  brittle,  massive 
greywackes  and  the  regularity  of  intrusive  conditions  was  lost.  The 
jointing  in  the  sediments  is  close  and  widely  variable  in  direction 
although  vertical  joints  are  most  common.  The  most  common  direc¬ 
tion  is  parallel  to  the  large  dyke  (110)  with  a  weaker  set  at  right 
angles. 


Petrography 

The  two  main  varieties  present  are  referred  to  as  bostonite  and  quartz- 
bostnite. 

The  large  dyke  and  several  of  the  smaller  dykes  are  rather  like  normal 
bostonites.  The  rock  is  creamy  yellow  to  pale  fawn  in  colour  with  a 
very  fine  grain  and  a  few  feldspar  phenocrysts.  It  is  holocrystalline 
and  porphyritic  with  a  scattering  of  large  euhedral  albite  crystals  set 
in  a  groundmass  consisting  chiefly  of  albite  with  iron  ore  and  a  little 
quartz.  There  are  two  distinct  generations  of  feldspar.  The  earlier 
formed  albite  is  euhedral  and  is  present  both  as  phenocrysts  and  in  the 
groundmass  and  is  invariably  rather  sericitized.  The  later  formed  albite 
encloses  the  euhedral  crystals  and  is  itseif  anhedral  giving  an  inter¬ 
locking,  almost  sutured  texture  to  the  groundmass.  This  feldspar 
is  usually  kaolinized.  The  earlier  albite  is  often  twinned  (on  various 
combinations  of  the  albite,  pericline,  Carlsbad,  and  probably  Manebach 
laws),  while  the  second  is  always  untwinned  and  frequently  shows 
undulose  extinction.  The  plagioclase  is  pure  albite  (Ab^p,,^^).  The 
iron  ore  is  plentiful  in  some  specimens  and  occurs  as  small  irregular 
granular  aggregates  probably  of  magnetite  with  haematite  and  abundant 
limonite.  There  is  also  some  white  sericitic  mica  present  as  aggregates 
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and  small  laths  and  where  some  laths  are  associated  with  iron  ore 
they  are  feebly  pleochroic. 

The  majority  of  the  small  dykes  are  rich  in  quartz  and  thus  are 
nearer  to  quartz-bostonites.  Apart  from  this  distinction,  this  group 
is  typified  by  a  strongly  banded  (flow)  structure  and  contains  spherulite- 
like  bodies.  The  rock  is  a  light  stone  in  colour  with  narrow,  darker 
bands  while  occasional  “  spherulites  ”  are  visible  macroscopically. 
There  is  a  concentration  of  quartz  in  the  light  bands  with  iron  ore, 
limonite,  an  indefinite  brownish  mica  (?),  and  “  spherulites  ”  in  the 
darker  bands.  A  few  early  formed,  euhedral  albite  phenocrysts  occur 
and  the  laths  are  aligned  with  their  long  axes  along  the  bands.  Quartz 
is  sometimes  very  abundant  as  extremely  fine,  anhedral  crystals 
showing  undulose  extinction.  An  occasional  quartz  vein  cuts  across 
the  rocks.  The  “spherulites”  are  tiny,  imperfectly  formed  annular 
bodies  with  only  a  slight  tendency  to  radiating  structure  shown  by 
wisps  of  the  indefinite  brownish  mica.  They  may  be  solitary  or  in 
groups  or  strings  which  coalesce  to  form  elongate  tubular  forms.  Some 
groups  of  albite  phenocrysts  are  mantled  by  a  narrow  fringe  of  inter¬ 
locking  wedge-shaped  crystals  of  tridymite.  The  albite  has  the  proper¬ 
ties  of  low-temperature  albite  (Bowen  and  Tuttle,  1950),  which  is 
only  stable  below  7(X)°  C.  while  tridymite  is  only  stable  above  870  C., 
thus  the  association  of  the  two  indicates  a  metastable  state  on  the  part 
of  either  albite  or  tridymite.  It  has  been  shown  by  Bowen  and  Tuttle 
(1949)  and  others  that  tridymite  frequently  occurs  metastably  at 
temperatures  well  below  870°  C.  The  tiny  mica  laths  lie  within  the 
plane  of  the  banding  but  usually  with  the  long  axes  randomly  dis¬ 
tributed  and  there  is  only  a  slight  tendency  towards  a  preferred  direc¬ 
tion  parallel  to  the  direction  of  flow  within  the  flow  layers. 

The  sediments  which  have  been  intruded  by  the  dykes  are  grey- 
wackes  and  do  not  show  any  appreciable  metamorphism  by  the 
dykes.  They  consist  of  angular  particles  of  quartz  and  moderately 
fresh  feldspar  with  tiny  fragments  of  sla»e  and  chert  and  variable 
amounts  of  argillaceous  matrix.  Detrital  garnet  is  present  in  some 
specimens.  The  greywackes  are  only  slightly  altered  immediately  next 
to  the  dykes  where  they  take  on  a  rusty  appearance  due  to  darkening 
of  the  argillaceous  material.  Calcite  and  siderite  sometimes  appear  in 
irregular  microscopic  masses  and  are  possibly  due  to  the  introduction 
of  a  little  carbonate  from  the  igneous  rock. 

Nomenclature 

The  igneous  rocks  are  leucocratic  and  albite-rich  with  varying 
amounts  of  quartz.  They  are  typified  by  having  a  strongly  developed 
flow  structure  and  are  probably  genetically  related  to  the  last  phase  of 
granite  intrusion.  They  resemble  closely  rocks  which  have  been 
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called  bostonites  and  quartz-bostonites  by  Rosenbusch  (1898)  and 
Johannsen  (1945).  They  differ  in  that  the  typical  bostonitic  texture 
with  the  common  orientation  of  feldspar  laths  is  only  slightly  developed 
despite  the  strong  flow  banding  and  also  that  they  are  perhaps  closer 
to  the  porphyry  phase  than  the  aplite  phase  of  intrusion.  It  is  con¬ 
sidered,  however,  that  they  resemble  the  type  bostonite  sufficiently 
to  warrant  the  application  of  the  term,  although  they  might  be  called 
intrusive  albite-rhyolite,  and  trachyte  by  some  authorities. 


Flow  Structurls 

The  banding  which  is  a  prominent  feature  of  the  bostonites  is 
developed  only  in  the  smaller  dykes  and  not  at  all  in  the  larger  one. 
The  bands  are  planes  parallel  to  the  walls  of  the  intrusions  and  thus 
appear  in  outcrop  as  lines  parallel  to  the  contact.  The  bands  are 
darker  streaks  in  the  light  coloured  rock  and  are  usually  quite  regular 
being  very  fine  and  closely  spaced  at  the  edges  but  broader  and  further 
apart  towards  the  centre  of  the  dykes. 

The  flow  layering  is  mainly  due  to  variations  in  colour  and  texture 
and  only  slightly  to  compositional  differences  or  alignment  of  elongated 
crystals.  The  magma  flowed  upwards  through  the  fissure  and  was 
chilled  against  the  cold  walls  while  liquid  was  still  moving  along  the 
centre  of  the  channel.  In  general  the  flow  bands  are  regular  with  only 
minor  plications  thus  showing  a  pattern  typical  of  laminar  flow  in 
a  fluid  and  almost  identical  with  the  normal  flow  structure  of  many 
rhyolite  and  trachytes.  The  magma  was  essentially  in  the  liquid 
phase  but  carried  an  appreciable  amount  of  crystalline  albite  in 
suspension  in  the  early  stages  but  it  is  evident  from  the  undulose 
extinction  of  the  quartz  and  feldspar  that  protoclasis  has  taken  place 
due  to  the  magma  flow  ing  as  a  viscous  “  mush  ”  of  crystals  in  the  final 
stage.  The  flow  layers  are  only  preserved  because  of  the  rapid  chilling 
during  flow  and  there  would  be  no  appreciable  crystallization  after 
flow  had  ceased,  to  destroy  the  earlier  formed  structures.  It  is  significant 
that  there  are  no  flow  layers  in  the  larger  dyke  and  this  indicates  that 
its  mode  of  emplacement  resembled  that  of  normal  intrusions  where 
chilling  was  not  sudden  and  the  bulk  of  crystallization  took  place 
after  cessation  of  movement  thus  destroying  any  early  formed  flow 
structures. 

The  outer  flow  layers  are  regular  and  were  controlled  by  the  com¬ 
paratively  smooth  walls  of  the  dyke  but  those  towards  the  centre 
were  afl'ected  by  the  material  which  had  already  consolidated  against 
the  walls  and  show  departures  from  this  regularity.  The  most  perfect 
variation  is  the  closed  lenticular,  tube-like  structure  shown  in  Plate  X, 
fig.  2,  and  in  Text-fig.  3,  and  which  occurs  only  in  dyke  No.  6,  while 
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the  half-closed  parabola  shaped  "  fold  ”  shown  in  Plate  \,  tig.  1 
and  Text-fig.  3  occurs  in  several  of  the  dykes,  particularly  Nos.  5 
and  6.  Both  of  these  structures  have  a  vertical  symmetry  plane.  These 
undulations  in  the  flow  layers  are  not  considered  to  be  due  either  to 


ThXT-FiG.  3. — A  sketch  of  the  flow  lines  in  dykes  numbered  1  and  6. 


Text-fig.  4. — A  sketch  showing  three  stages  of  a  possible  mechanism  whereby 
the  flow  line  pattern  of  dyke  No.  6  might  be  evolved. 


deformation  (as  are  those  described  by  Tweto,  1951),  or  to  wavering 
of  flow  but  probably  mark  the  varying  shape  of  the  central  feeding 
channels  as  fresh  magma  flowed  upwards  and  forced  the  walls  of  the 
dyke  apart.  Text-fig.  4  shows  that  process  by  which  such  structures 
might  be  produced. 

While  the  majority  of  flow  lines  indicate  steady  laminar  flow  in  a 
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viscous  magma,  Text-fig.  3a  shows  a  dyke  in  which  the  flow  is  normal 
at  the  edges  and  ends  but  very  irregular  in  the  centre,  giving  a  pseudo- 
turbulent  appearance. 

Whether  or  not  turbulent  flow  will  take  place  in  a  fluid  depends  on 
a  number  of  factors  among  which  velocity  and  viscosity  are  important. 
Consideration  of  the  possibility  of  turbulence  in  dykes  thus  leads  to 
speculation  on  the  speed  of  intrusion  of  dykes  and  the  viscosity  of 
magmas  and  these  are  two  problems  of  great  interest  to  petrologists 
about  which  practically  no  accurate  data  are  available. 

Binder  (1947)  and  others  have  given  a  relation  for  the  critical 
velocity  (above  which  laminar  flow  changes  to  turbulent  flow)  and  an 
attempt  to  apply  this  to  magmas  leads  to  some  elucidation  of  the 
problems. 


Vc  =  Rc  l!- 
pd 

where  Vc  =  critical  velocity  ; 

Rc  —  critical  Reynolds  number ; 
p.  =  viscosity  ; 
p  =  density  ; 
d  =  diameter  of  pipe. 

For  a  flat  dyke-like  passage,  this  relation  is  modified  to 
Vc  =  Rc 


2pH 


where  H  is  the  width  of  the  dyke.  This  treatment  is  only  approximate, 
but  it  can  be  seen  that  turbulence  would  tend  to  take  place  (i.e.  the 
critical  velocity  is  lower)  when  viscosity  is  low,  density  is  high,  or 
the  body  is  large.  It  is  difficult  to  give  a  value  for  the  critical  Reynold's 
number,  but  the  figure  of  2,000  is  given  by  Binder  (1947)  for  the 
establishment  of  the  lower  critical  velocity.  Although  this  figure  is 
only  an  approximation  when  applied  to  the  intrusion  of  dykes  it  is 
within  the  order  of  accuracy  of  other  data  in  the  equation.  The  range 
of  densities  of  magmas  is  so  restricted  as  to  have  no  great  eflect  on  the 
critical  velocity.  The  significance  of  size  is  complex  as  turbulence  is 
easily  achieved  in  large  bodies.  Some,  however,  show  evidence  of  very 
slow  emplacement  (batholiths)  but  some  large  dykes  might  be  turbulent 
during  intrusion  although,  as  mentioned  above,  all  flow  layer  evidence 
would  tend  to  be  destroyed  by  later  crystalliz^ation.  In  general,  for 
a  given  rate  of  intrusion  the  viscosity  of  the  magma  will  be  the  control¬ 
ling  factor  as  to  whether  turbulence  will  be  produced.  The  more  quickly 
chilled  and  viscous  magmas  are  the  only  ones  likely  to  show  flow 
lines  of  any  sort  but  these  are  the  least  likely  to  have  suffered  turbulence 
so  that  it  can  be  seen  that  evidence  of  turbulent  flow  is  not  likely  to 
be  found  in  flow  layer  structures. 
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For  the  2  metre  wide  bostonite  dyke  investigated,  the  relation 
would  beVf.  =  Iji  cm.  per  second.  If  reasonable  figures  could  be  given 
for  viscosity  and  rate  of  intrusion  it  would  be  possible  to  determine 
whether  the  critical  velocity  had  been  exceeded  and  consequently 
whether  turbulence  has  occurred.  For  a  liquid  whose  viscosity  is 
that  of  water  (fx  =  01  poises  at  normal  temperatures)  the  critical 
velocity  would  be  three-quarters  of  a  metre  per  hour.  Turbulence 
would  take  place  in  such  a  liquid  because  the  speed  of  intrusion  of 
dykes  would  certainly  exceed  this  figure,  but  if  estimates  of  likely 
viscosities  of  magmas  are  made  then  turbulence  is  much  less  likely. 
Estimates  of  the  viscosities  of  various  basaltic  flows  have  been  made 
and  these  probably  range  from  about  0-6  poises  to  10'  poises.  The 
figures,  however,  refer  to  lavas  which  have  been  heated  strongly  by  the 
burning  of  released  gases  and  it  is  likely  that  the  viscosity  of  an  intru¬ 
sive  magma  (particularly  this  chilled  bostonitic  variety)  would  be  in 
the  vicinity  of  10^  poises.  It  is  a  useful  comparison  to  note  that  the 
viscosities  of  olive  oil,  castor  oil,  shoemaker's  wax,  and  marine  glue 
are  in  the  order  of  10%  10*,  10**,  and  10*  poises  respectively.  For  a  value 
of  10'  poises,  the  critical  velocity  would  be  about  10'  metres  per  hour 
and  it  seems  impossible  that  such  a  speed  of  intrusion  would  be 
attained  in  a  dyke.  It  is  likely  that  most  dykes  were  intruded  at  velocities 
considerably  less  than  10'  metres  per  hour  so  that  for  a  narrow  dyke 
the  viscosity  would  have  to  be  less  than  10*  poises  for  the  turbulence 
to  be  achieved.  It  should  be  noted  also  that  pressure  increases  the 
viscosity  and  consequently  the  magma  of  those  dykes  formed  at 
depth  would  be  more  viscous  than  those  nearer  the  surface  and  less 
likely  to  be  turbulent.  The  degree  of  crystallization  of  a  magma  has 
a  profound  effect  on  the  viscosity  and  is  quite  likely  that  basic  magmas 
above  their  melting  point  would  have  viscosities  in  the  order  of  10* 
to  10*  poises.  Magmas  which  have  been  intruded  while  partly  crystal¬ 
lized  and  below  their  melting  points  are  common  in  nature  and  the 
viscosities  of  these  are  considerably  higher,  perhaps  around  10*  to 
10'  poises  depending  on  the  degree  of  crystallization.  The  water- 
lubricated  crystal  “  mushes  ”  which  have  been  suggested  by  various 
authors  would  have  viscosities  in  excess  of  10'  poises. 

The  discussion  above  emphasizes  our  lack  of  knowledge  of  the 
nature  of  magmas  and  the  mechanics  of  intrusion,  particularly  at  the 
high  pressures  which  prevail  at  depth,  and  experimental  work  may 
reveal  that  the  viscosities  which  seem  reasonable  from  observations 
at  the  surface  may  be  too  low  by  several  powers  of  ten. 

It  seems  probable  therefore  that  magma  is  intruded  in  most  dykes 
by  means  of  laminar  flow  and  that  turbulence  would  only  be  achieved 
in  those  magmas  which  had  low  viscosity  due  to  super-heating  or  to  a 
high  content  of  volatile  material.  Laminar  flow  would  take  place  at  all 


256 


Bostonite  Dykes  at  Armidale,  New  South  Wales 


times  close  to  the  walls  of  the  dyke  and  at  the  end  of  the  process  of 
intrusion.  For  reasons  given  earlier,  only  flow  lines  formed  during  the 
viscous  period  of  laminar  flow  are  likely  to  be  preserved  and  any 
recognizable  field  evidence  of  turbulence  is  improbable.  The  irregular 
flow  line  pattern  shown  in  Text-fig.  3a  is  then  attributed  to  a  mechanism 
somewhat  similar  to  that  which  produces  rhyolite  flow  breccias.  It 
is  likely  that  portions  of  the  magma  had  already  consolidated  against 
the  walls  of  the  dyke  and  that  the  viscous  magma  passing  up  through 
the  centre  tore  some  of  this  away  and  carried  it  upwards.  The  zone 
would  be  formed  by  the  filling  of  a  portion  of  the  fissure  with  solid 
fragments  of  igneous  rock. 
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EXPLANATION  OF  PLATE  X 

1 .  Parabolic  flow  lines  in  dyke  No.  5.  The  full  width  of  the  dyke  is  shown. 

2.  Lenticular  flow  structure  in  dyke  No.  6.  This  is  also  shown  in  Text-figs. 

3  and  4. 


(iEOL.  Mag.,  1953. 


I’LAIE  X. 


Flow  Seri  rn  res  in  Dykes  ai  Armiimi  e. 


Negative  Gravity  Anomalies 


257 


Negative  Gravity  Anomalies  over  Acid  Intrusions  ”  and 
their  Relation  to  the  Structure  of  the  Earth’s  Crust 

By  M.  H.  P.  Bott 


Abstract 

The  results  of  gravity  surveys  over  various  exposed  and  buried 
acid  intrusions  are  summari/ed.  Some  sample  density  determina¬ 
tions  are  discussed.  It  is  found  that  the  acid  intrusions  considered 
are  almost  invariably  associated  with  negative  Bouguer  anomalies, 
which  are  certainly  often  caused  by  direct  density  contrast  between 
the  less  dense  acid  intrusive,  and  the  denser  country  rock.  This 
has  two  immediate  implications.  (1)  Large  negative  Bouguer 
anomalies  over  “  granites  ”  may  suggest  magmatic  origin.  (2) 
These  gravity  anomalies,  supported  by  seismological  and  seismic 
evidence,  and  the  petrological  distribution  of  igneous  rocks,  lead 
to  the  postulation  of  a  denser  “  metasedimentary  ”  layer  overlying 
the  “  granitic  "  layer.  The  bearing  of  this  on  the  mechanism  of 
intrusion  is  briefly  discussed. 


1.  Introduction 

The  postulation  of  an  acid  intrusion  underlying  the  Alston  Block 
(Dunham,  1934;  Hospers  and  Willmore,  1953  ;  and  Bott  and 
Masson-Smith,  1953)  and  discussion  of  various  exposed  and  buried 
“  granites  ”  elsewhere,  have  led  to  a  theoretical  consideration  of  the 
relation  between  acid  intrusion  and  negative  Bouguer  anomaly,  and 
their  bearing  on  the  layer  concept  of  the  earth’s  crust. 

II.  Gravity  Surveys  over  Exposed  Granites  and  Presided 
Buried  Acid  Intrusions 

(1)  Pendulum  measurements  of  gravity  over  South-West  England 
(Bullard  and  Jolly,  1936)  are  sufficient  to  indiciite  that  there  is  a  large 
negative  Bouguer  anomaly,  or  anomalies  over  the  Devon  and  C  ornish 
true  granites.  The  negative  anomalies  reach  —  40  mgals  and  more  with 
respect  to  measurements  north  and  south  of  the  granite  belt.  The 
gravity  gradient  between  Launceston  and  Bolventor,  10  miles  apart, 
averages  —3  mgals  per  mile,  and  presumably  the  maximum  gradient 
is  much  greater,  indicating  that  the  density  contrast  producing  the 
anomaly  change  is  not  of  deep  origin.  It  is  interesting  to  note  that 
in  discussion  after  papers  by  Cook  and  others  at  the  Cieological  Society 
(Cook  and  Thirlaway,  1952,  pp.  303-4),  Mr.  N.  L.  Falcon  described 
a  gravity  traverse  by  the  D’Arcy  Exploration  Company,  from  near 
Bridgwater  to  Start  Point.  It  was  found  that  only  three  miles  east  of 
Dartmoor's  edge  the  granite  had  no  apparent  effect. 

(2)  The  grav  ity  results  obtained  by  the  Anglo  American  Oil  Company 
(White,  1948)  show  no  appreciable  gravity  anomaly  over  the  Criffel 
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tonalite,  and  this  is  attributed  to  lack  of  density  contrast  between 
the  tonalite  and  the  cementstone  group  of  strata,  over  which  boundary 
the  traverse  must  have  been  made.  The  Bouguer  anomaly  map  shows 
a  negative  anomaly  over  the  Shap  adamellite. 

(3)  The  results  of  gravity  survey  in  Ireland  (Thirlaway,  1951 ; 
Murphy,  1952;  and  Cook  and  Murphy,  1952)  show  negative  Bouguer 
anomalies  of  order  —15  to  —40  mgals  over  the  Galway  true  granite, 
the  Donegal  “  granite  ”,  the  Barnesmore  “  granite ",  the  Newry 
granodiorite,  the  Wicklow  “  granite  ”,  and  the  Leinster  true  granite. 

A  negative  anomaly  of  —65  mgals  is  associated  with  the  small, 
so-called  ”  metamorphic  ”  Crossodoney  “  granite  Furthermore, 
in  Central  Ireland,  there  are  some  closed  areas  of  negative  anomaly 
which  indicate  either  acid  intrusions  or  less  dense  sediments  below'. 
Murphy  shows  that  these  are  more  likely  due  to  uncovered  “  granites  ” 
than  thick  Old  Red  Sandstone  troughs,  and  in  the  Drogheda  district 
mineral  lodes  containing  copper  ores  provide  direct  contributory 
evidence  (Cole,  1922).  Cook  and  Murphy  are  firm  in  stating  “The 
Bouguer  anomalies  over  all  the  granite  masses  are  due  to  the  granite 
being  less  dense  than  the  surrounding  rocks  Gravity  survey  over 
Slieve  Gullion,  Carlingford,  and  the  Mountains  of  Mourne  show 
that  although  the  surface  outcrop  of  granophyre  and  granite  pre¬ 
dominates,  underneath  the  total  mass  of  basic  rock  must  be  at  least 
a  hundred  times  that  of  the  acid  rock. 

(4)  During  a  regional  traverse  in  New  Brunswick  Millar  (1946) 
found  “  a  remarkably  large  gravity  anomaly  ”,  of  about  —  .30  mgals, 
at  Hawkshawe,  over  a  Devonian  intrusive  granite.  He  considers  that 
the  “  granite  ”  could  hardly  produce  this  anomaly,  and  thinks  that 
its  cause  may  be  lighter  material  associated  with  the  “  granite  ”.  How¬ 
ever,  this  anomaly  is  of  the  same  order  as  observed  over  “  granites  ” 
of  similar  size  elsewhere. 

(5)  The  Smoothingiron  “granite”  mass  (Romberg  and  Barnes, 
1944)  is  asscK'iated  with  a  negative  Bouguer  anomaly  of  —7  mgals 
over  the  background  value.  The  anomaly  is  interpreted  as  due  to  a 
truncated  cone  of  “  granite  ”  IJ  km.  deep,  which  is  proved  by  density 
determinations  from  rock  samples  to  be  less  dense  than  the  surrounding 
schists  and  gneisses. 

(6)  Woolard  (1948),  discussing  gravity  work  in  New  Fngland,  states: 
“  the  gravity  minimum  over  the  White  Mountains  is  believed  to  reflect 
a  true  ‘  root  ’  under  these  mountains.  It  is  also  observed  that  large 
regional  negative  gravity  anomalies  occur  over  the  ‘  granite  '  outcrops 
to  the  west  of  Colebrook,  New  Hampshire,  in  eastern  Maine  and 
western  New  Brunswick,  and  in  Nova  Scotia.” 

(7)  Garland  (1950)  interprets  regional  belts  of  low  anomaly  in  the 
Canadian  shield  in  Northern  Ontario,  as  caused  by  variations  of 
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the  base  level  of  the  “  granitic  ”  layer,  at  the  expense  of  the  inter¬ 
mediate  (basaltic)  layer,  as  a  result  of  thickening  of  the  “  granitic  ’*  layer 
after  mountain  building  movements  without  full  isostatic  compensation 
afterwards.  However,  without  detailed  knowledge  of  the  area,  it  would 
seem  possible  also  to  interpret  the  anomalies  by  density  contrasts 
nearer  the  surface,  between  “  granitic  ”  type  of  rock  and  the  denser 
greywackes,  lavas,  etc.,  of  the  Pre-Cambrian. 

(8)  A  negative  Bouguer  anomaly  of  —30  mgals  occurs  over  Upper 
Weardale,  and  is  believed  to  indicate  the  presence  of  a  buried  acid 
intrusion,  which  has  given  rise  to  the  mineralization  there  (Hospers 
and  Willmore,  1953,  and  Bott  and  Masson-Smith,  1953).  The  steep 
Bouguer  gradients  again  indicate  the  anomaly  is  due  to  direct  density 
contrast. 

(9)  Goguel  (1949  and  1950)  describes  negative  gravity  anomalies  of 
order  —30  mgals,  delineating  the  “granites”  of  Brittany  within 
the  precision  allowed  by  station  spacing.  Two  exceptions  are  noted. 
The  Dinan  “  granite  "  does  not  correspond  to  such  an  anomaly.  This 
is  certainly  attributed  to  the  basic  dykes  which  infest  it,  coming  perhaps 
from  a  basic  source  below,  and  raising  the  mean  density.  Neither  are 
the  elongated  bands  of  granite  gneiss  (?  syn-tectonic)  of  South  Brittany 
associated  with  a  continuing  negative  anomaly.  This  suggests  the 
gneisses  are  of  completely  dilferent  origin  from  the  post-tectonic 
“  granite  ”  masses.  The  large  negative  anomaly  east  of  Redon  may 
result  from  a  buried  “  granite  ”. 

Goguel  considers  that  the  surface  rocks  cannot  be  denser  than  the 
“  granite  ”,  but  no  sample  density  determinations  are  quoted.  The 
stations  are  spaced  at  approximately  8-mile  intervals,  which  is  in¬ 
sufficient  to  determine  maximum  gradients,  although  3  mgals  per  mile 
is  often  maintained  for  10  miles.  It  is  shown  that  the  source  of  anomaly 
is  less  than  10  km.  deep,  and  Goguel  suggests  it  is  due  to  density 
contrast  between  “  granite  ”  and  rocks  underlying  the  surface  outcrop. 

III.  A  Consideration  of  Densities 

Some  sample  densities  for  “  granites  ”  and  surrounding  country 
rocks  are  tabulated  o.i  p.  260. 

From  this  table  it  is  fair  to  conclude  that  where  sample  density 
measurements  have  been  made,  intrusive  “  granite  ”  is  less  dense  than 
regionally  and  dynamically  metamorphosed  rocks  and  some  consoli¬ 
dated  sediments  (greywackes,  shales,  pyroclastics,  etc.).  However 
the  name  granite  has  in  the  past  been  given  to  coarse  textured  acid 
igneous  rocks  whether  true  granites,  adamellites,  or  granodiorites,  and 
whether  this  density  difference  is  general  between  granodiorites  and  the 
country  rock  surrounding  them  is  still  uncertain. 
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Location. 

Authority. 

Formation 

and 

Lithology. 

Demity 

Range. 

.Mean 

Density. 

A'o.  of 
Samples. 

Remarks. 

Ireland. 

Cook  and 
Murphy, 
1952. 
Jackson, 
1951. 

Various 
“  granites  ” 
Silurian 
Ualradian 

2-55-2  70 

2  71-2  79 

2-75 

The  highest  densities 
are  of  contamina¬ 
ted  “Newry” 
granite. 

Smoothing- 
iron  granite 
mass  Texas. 

Romberg 

and 

Barnes, 

1944. 

“  granite  ” 
Valley  Spring 
gneiss. 

Pack  Saddle 
schist. 

2  59-2  65 

2  62 

2  64 

2  95 

7 

25 

8 

Northern 

Garland, 

“  granite  ** 

2  62-2  66 

2  65 

_ 

Round  Lake  Batho- 

Ontario. 

1950. 

granite- 

lith. 

gneiss 

2  70-3  04 

quartzite 

2  65-2  70 

Timmiska- 

ming 

grey  vsacke 

2 -79-2 -88 

Keewatin 

greenstone 

3  00- 3  08 

General. 

Magnolia 

acidic 

Petroleum 

igneous 

2  30-3  11 

2  61 

105 

Based  on  large  num- 

Co.  quoted 

_.  . 

bers  of  laboratory 

in  Dobrin, 

measurements  of 

1952. 

core  and  surface 

samples. 

metamorphic 

2.40-3  10 

2-74 

114 

General. 

Daly  1933. 

granite 

2  516 

2  667 

155 

Some  granodiorites 

2  809 

may  well  be  inclu- 

granodioritc 

2  668- 

2  716 

11 

ded  under 

— 

2  785 

“  granite  ”. 

IV.  The  Origin  of  Granites  showing  Negative  Bouguer 
Anomalies 

That  the  negative  anomaly  over  certain  “  granites  ”  is  due  to  direct 
density  contrast  between  “  granite  ”  and  country  rock  is  proved  from 
two  independent  lines  of  evidence,  the  Bouguer  gradients  and  sample 
density  measurements.  Subjacent  plutonic  rather  than  laccolithic  form 
is  suggested  by  the  magnitude  of  the  anomaly,  from  which  the  mass 
deficiency  can  be  estimated.  The  genesis  of  the  “  granite  ”  must 
account  for  the  presence  of  less  dense  “  granite  ”  where  before  there 
had  been  denser  country  rock,  so  giving  the  observed  near-surface 
deficiency  of  mass.  From  purely  physical  considerations  this  might  be 
produced  by  one  or  more  of  the  follow  ing  hypothetical  mechanisms : — 

(a)  Bulk  expansion  of  the  country  rock  without  migration  or 
exchange  of  material. 

(b)  Upward  and  sideways  migration  of  surplus  mass  by  some 
diffusion  process. 
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(c)  Downward  migration  by  diffusion. 

(d)  Stoping  of  country  rock  and  magmatic  intrusion. 

(e)  Forcible  injection  of  magma  which  thrusts  aside  the  country 
rocks  with  or  without  their  compression. 

Metasomatic  origin  implies  hypothesis  (6),  accompanied  perhaps  by 
(a)  or  possibly  (c),  while  hypotheses  (t/)  and  (e)  are  consistent  only  with 
magmatic  origin. 

Vertical  bulk  solid  expansion  would  involve  circumferential  faulting, 
or  a  marginal  monoclinal  flexure.  Circumferential  faulting  is  not 
generally  observed  (Daly,  1933)  while  compensation  by  flexure  would  be 
accompanied  by  a  steady  density  change,  rather  than  abrupt  change  at 
the  contact.  Total  bulk  solid  expansion  also  assumes  equivalent 
chemical  composition  of  granite  and  country  rock,  and  so  seems 
unlikely  as  the  sole  or  major  cause  of  the  density  change.  However, 
such  expansion  (shouldering)  has  been  claimed  as  an  accompanying 
effect  during  the  emplacement  of  the  Newry  granodiorite  (Reynolds, 
1953). 

Surplus  mass  removed  by  upward  and  sideways  migration  will 
reside  in  the  country  rock  above  and  around  as  a  huge  basic  front. 
The  suspected  buried  “  Weardale  granite  ”  (Bott  and  Masson-Smith, 
1953)  has  no  known  surface  indication  of  a  basic  front  apart  from 
mineral  veins  of  negligible  bulk.  If  it  were  formed  by  pure  diffusion 
and  a  basic  front  remained  at  depth  it  would  be  expected  to  show  a 
dominantly  positive  anomaly  of  form  depending  on  detailed  mass 
distribution.  Such  an  anomaly  is  not  observed.  For  exposed  “  granites  ” 
associated  with  negative  anomalies,  and  without  sufliciently  large 
positive  rim,  complete  origin  by  upward  diffusion  involves  the  assump¬ 
tion  of  a  large  upward  escape  of  mass  which  has  subsequently  been 
removed  by  erosion. 

A  quantitive  combination  of  physical  and  chemical  methods  is 
needed  to  investigate  the  possibility  of  combined  expansion  and 
diffusion.  Chemical  analyses  of  the  “  granite  ”  and  country  rocks 
should  indicate  the  density  contrast  resulting  from  diffusion  alone. 
Actual  density  determinations  and  gravity  survey  will  inform  whether 
this  surplus  mass  now  exists  in  the  surrounding  country  rtKks. 

Downward  diffusion,  forcible  injection  of  magma,  or  origin  by 
stoping  and  replacement  by  less  dense  magma  are  all  apparently 
consistent  with  the  observed  negative  anomalies.  As  yet  there  are 
no  definite  indications  of  the  presence  of  stoped  material  below, 
but  its  observation  by  gravity  might  be  hindered  by  several  disturbing 
effects  (Bott  and  Masson-Smith,  1953).  Downward  diffusion  seems 
unlikely,  and  if  this  or  forcible  injection  were  the  sole  mechanism,  it  is 
difficult  to  understand  why  the  granites  discussed  are  almost  all 
present  in  rocks  denser  than  themselves.  The  stoping  theory  as  major 
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contributor  is  preferred  as  it  also  solves  the  space  problem  and  explains 
truncation  of  country  structures. 

So  large  negative  gravity  anomalies  over  “  granites  ”  may  indicate 
a  magmatic  origin,  the  more  so  when  the  “  granite  is  still  buried. 
Total  origin  by  metasomatism  would  require  assumption  of  a  large 
surplus  mass  removed  by  erosion,  or  a  considerable  bulk  expansion 
effect.  However,  a  marginal  zone  of  granitization  as  an  accompani¬ 
ment  of  intrusion  would  not  conflict  with  the  gravity  field.  For  the 
rest  of  this  paper  it  is  assumed,  as  seems  likely,  that  certain  post- 
tectonic  granites  are  magmatic. 

V.  The  Layer  Concept  of  the  Earth's  Crust 

Various  lines  of  geophysical  and  petrological  evidence  will  be  used 
to  build  up  a  model  of  the  earth's  outer  layers  seemingly  consistent 
with  present  knowledge. 

(1)  Jeffreys  (1952)  conveniently  discusses  the  relevant  seismological 
evidence  from  near  earthquakes,  and  comparing  the  results  with  the 
measurements  of  physical  properties  of  rocks,  he  builds  a  model  of  the 
outer  layers  summarized  below: — 

A.  Sedimentary  layer  with  variable  seismic  velocity  Pg,  sometimes 
lower,  sometimes  higher  than  Py. 

B.  Upper  or  granitic  layer  with  P,j  —  5-51  km.  sec.  and  Sg  —  3  -36 
km. /sec.  This  is  consistent  with  an  acid  layer  containing  a  good 
deal  of  obsidian.  Near  earthquake  records  indicate  that  this  layer  is 
generally  present  and  continuous  under  the  continents. 

C.  The  intermediate  layer  (it  should  be  stressed  that  the  name  refers 
to  position  not  composition)  or  basaltic  layer  or  layers.  Jeffreys 
suggests,  from  consideration  of  physical  properties,  that  if  it  is  of 
basaltic  composition  the  condition  will  be  that  of  tachylyte. 

D.  The  mantle,  possibly  of  ultrabasic  composition,  to  the  core. 

The  low  velocity  in  the  “  granitic  ”  layer  has  been  used  as  evidence 

against  the  “  granitic  ”  nature  of  layer  B,  it  being  suggested  that  the 
layer  is  of  sedimentary  rocks.  Jeffreys  (1952,  p.  84),  disposes  of  this 
argument  on  the  grounds  that  the  layer  is  homogeneous,  by  stating 
that  actual  seismic  survey  velocities  of  some  granites  are  well  below 
5-4  km./sec.,  and  by  suggesting  the  widespread  presence  of  obsidian 
in  the  layer.  Furthermore  it  is  geologically  unsound  to  have  such  a 
thick  layer  of  only  partially  compacted  sediments  when  metamorphic 
rocks  with  high  velocity  frequently  outcrop  above. 

The  North  German  Heligoland  explosion  (Willmore,  1950)  appears 
to  show  more  variable  and  higher  Pg  than  generally  found  from 
near  earthquake  records.  Willmore  also  notes  that  a  seismograph 
located  on  a  “  granite  ”  batholith  in  Witwatersrand  gives  consistently 
better  results  than  do  neighbouring  stations.  High  power  seismic 
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survey  in  Washington  D.C.  (Tuve,  et  al,  1948)  indicates  outer  crustal 
layers  with  thicknesses  and  P  velocities  as  follows:  0-10  km.  6  0 
km. /sec.,  10-24  km.  6-7  km. /sec.,  etc.  Jeffreys  (1952)  mentions  that 
the  superficial  P  velocity  in  New  England,  Maryland,  Carlifornia, 
and  parts  of  the  Canadian  Shield  is  somewhat  over  6  0  km. /sec. 

It  seems  that  the  apparent  absence  of  the  “  granitic  ”  layer  may  be 
attributed  either  to  its  actual  absence,  or  to  its  presence  below  a  higher 
velocity  layer.  The  latter  is  more  consistent  with  near  earthquake 
evidence. 

So  the  relevant  seismological  and  seismic  evidence  indicates  that 
there  is  a  fairly  uniform  and  possibly  continuous  layer  with  certain 
physical  properties  very  similar  to  obsidian,  generally  present  under¬ 
neath  the  continents.  Above  this  there  may  be  another  “  layer 
still  below  the  uncompacted  sedimentary  layer,  which  may  have  higher 
and  more  variable  velocity  than  dties  the  “  granitic  ”  layer,  and  more 
generally  causes  variation  in  the  times  of  arrivals  from  below.  Seismic 
velocities  could  decrease  downwards  either  by  the  chemical  com¬ 
position  becoming  more  acid,  the  crystalline  state  remaining  the  same, 
or  by  some  change  of  physical  properties  with  increasing  temperature 
and  pressure  in  a  layer  of  homogeneous  chemical  composition.  Such 
a  change  is  implied  by  Gutenberg  (1951).  He  suggests  the  downward 
drop  of  velocity  may  result  from  physical  phenomena  associated  with 
the  a  to  quart/  transition. 

(2)  It  is  shown  (Daly,  1933)  that  95  per  cent  of  plutonic  intrusive 
rocks  are  granite  and  granodiorite  in  composition,  and  the  bulk  of 
extrusive  rocks  are  basaltic,  which  is  80  per  cent  (and  with  andesite 
98  per  cent)  of  all  extrusive  types.  Other  igneous  rocks,  apart  from 
serpent inites,  etc.,  seem  to  be  differentiation  or  contamination  products 
of  these.  This  suggests  two  immediate  sources  of  magma,  one  acid, 
and  one  basic.  These  have  been  identified  respectively,  with  the 
seismological  layers  B  and  C.  Melting  of  the  “  granitic  ”  layer,  or  of 
pre-existing  sediments  might  produce  a  source  of  “  granite  ”  magma. 
The  geological  necessity  of  such  a  magma  is  obviated  if  large  “  granite  ” 
belts  are  granitized  sediments  (Bullard,  et  al,  1950). 

The  abundance  of  sandstones,  quartzites,  and  quartz  rich  rtKks 
amongst  sedimentary  and  metamorphic  rocks,  suggests  there  was  and 
presumably  still  is,  at  least  under  the  continents,  a  “  quartz  ”  rich 
layer  of  the  original  earth’s  crust  (Jeffreys,  1952). 

(3)  The  study  of  rock  densities  and  negative  Bouguer  anomalies 
over  acid  intrusions  (true  granite  and  adamellite),  show  fairly  con¬ 
sistently  the  replacement  of  more  dense  country  rock  by  the  acid 
intrusion.  As  seen  this  may  indicate  a  magmatic  origin  (Bott  and 
Masson-Smith,  1953),  the  magma  rising  from  below  to  replace  the 
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country  rock  which  has  moved  away,  e.g.  by  stoping.  Differentia! 
increase  of  density  with  depth  would  not  be  expected  to  annihilate  or 
reverse  this  observed  density  contrast.  Hence  if  we  assume  that  it  is 
not  entirely  due  to  magmatic  differentiation  of  original  magma  with 
same  bulk  density  as  the  country  rock,  and  that  the  density  of  the 
material  before  melting  is  not  greater  (at  the  same  pressure)  than  that 
of  the  final  solidified  acid  intrusion,  then  the  magma  must  have  come 
from  a  physically  distinct  and  relatively  less  dense  source  below, 
which  is  identified  with  seismological  layer  B.  Obsidian  has  density 
considerably  less  than  granite. 

(4)  If  the  bulk  of  igneous  rocks  are  either  acid  intrusive  or  basic 
extrusive,  then  throughout  the  history  of  the  earth  sedimentary  rocks 
will  accumulate,  and  be  derived  in  general  from  a  mixture  of  these  two 
original  sources.  These  will,  in  bulk,  have  some  chemically  inter¬ 
mediate  composition.  As  sedimentary  rocks  their  density  would  be 
low  because  of  porosity,  etc.,  but  when  they  have  undergone  recrystal- 
liziition  the  density  would  be  expected  to  be  between  those  of  acid 
and  basic  igneous  rocks,  as  is  shown  for  mctamorphic  rocks  in  bulk. 

(5)  C  onsistent  with  the  above  evidence  is  this  hypothesis  of  crustal 
layers,  each  of  which  need  only  be  present  where  the  combined  evidence 
points  to  its  existence. 

A.  Sedimentary  “layer”.  This  consists  of  uncompacted  rocks 
with  low  density  and  low  seismic  velocity,  and  may  pass  by  uncon¬ 
formity  or  gentle  transition  to  the  underlying  layer,  and  in  parts,  is  not 
present  at  all. 

A'.  “  Metasedimentary  layer.”  This  consists  of  metamorphic 

and  dense  consolidated  sedimentary  rocks  of  some  intermediate 
bulk  chemical  composition  and  bulk  density  greater  than  acid  intru¬ 
sions.  Only  in  bulk  will  this  be  a  layer,  and  may  consist  of  a  highly 
folded  complex  of  different  rocks.  The  seismic  velocities  should  be 
higher,  and  more  variable  than  for  B,  although  their  observation  may  be 
uncertain  through  heterogeneity.  The  boundary  between  A  and  A' 
can  be  arbitrarily  defined  as  the  surface  separating  rocks  below,  of  bulk 
density  greater  than  2  -67  from  rocks  above  of  density  less  than  2-67. 

B.  The  “  granitic  ”  or  “  upper  ”  layer.  From  a  study  of  near 
earthquakes  this  is  generally  supposed  to  be  present  under  thecontinents. 
It  may  provide  material  for  granite-granodiorite  igneous  intrusions 
and  their  differentiation  and  contamination  products.  The  seismic 
velocities  may  be  lower  than  those  of  A'  explaining  why  no  record  of 
this  layer  appears  from  surface  seismic  explosions.  Some  material 
from  A'  may  be  present  in  this  layer  through  stoping. 

C.  The  “  basaltic  ”  or  intermediate  layer. 
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VI.  The  Distribution  and  Origin  of  Acid  Intrusions 

Most  acid  igneous  rocks  are  intrusive  as  plutons,  and  most  major 
intrusions  are  acidic.  They  seem  to  intrude  rocks  denser  than  them¬ 
selves,  certainly  when  true  granites  or  adamellites,  and  possibly  when 
granodiorites.  They  are  present  generally  only  in  continental  areas, 
and  greatly  predominate  in  the  vicinity  of  regions  which  have  sulTered 
orogenesis. 

Two  fundamental  conditions  for  a  magmatic  acid  intrusion  (or 
any  other  magmatic  intrusion)  arc  that  a  source  of  heat  is  available  to 
produce  the  magma,  and  that  the  right  mechanical  conditions  are 
present  to  cause  the  upward  intrusion.  A  source  of  heat  has  generally 
been  considered  available  below  folded  mountain  ranges  where  a 
shortening  of  the  crust  has  caused  part  of  the  “  granitic  ”  layer  to  sink 
into  hotter  regions,  together  with  a  greater  concentration  of  radio¬ 
active  heat  from  suitable  materials  supposed  to  be  concentrated  in  the 
upper  layers  of  the  crust.  Also  heat  may  be  caused  by  release  of 
pressure,  and  to  a  limited  extent  by  the  release  of  gravitational  energy 
during  sloping  (Bott  and  Masson-Smith,  1953).  The  second  condition 
is  satisfied  if  a  magma  chamber  is  covered  by  denser  rocks,  which,  if 
suitably  fractured,  will  tend  to  sink  by  gravity  alone,  to  be  replaced  by 
the  upward  rise  of  the  less  dense  magma.  This  explains  why  acid 
intrusions  normally  are  only  present  in  rocks  denser  than  themselves 
(or  strictly  speaking,  their  magma),  and  so  gives  a  theoretical  basis 
for  the  arbitrary  division  between  A  and  A'. 

The  main  objection  to  the  stoping  hypothesis  is  that  the  roof  itself 
does  not  founder  (Daly,  1933).  However,  density  considerations  easily 
explain  this,  for  the  less  dense  sedimentary  cap  will  be  in  hydrostatic 
equilibrium  only  when  above,  and  so  cannot  sink  unless  forcibly 
pushed  down. 

It  is  emphasized  that  these  arguments  are  only  fairly  certain  for 
granites  and  adamellites.  There  are  too  few  density  measurements 
or  gravity  surveys  over  certain  granodiorites  to  extend  the  theory 
to  these,  although  it  is  suspected  also  to  hold.  It  is  still  possible  that 
some  granodiorites  do  originate  from  the  melting  of  “  the  meta- 
morphic  ”  layer,  which  subsequently  differentiates  to  give  a  magma 
slightly  less  dense  than  the  metamorphic  layer,  or  is  even  forcibly 
intruded. 

It  seems  that  gravity  survey  may  provide  a  criterion  for  testing 
the  genetic  type  of  a  granite.  Gravity  anomalies  may  suggest  the  origin 
as  follows; — 

(1 )  Large  negative  anomaly.  A  magmatic  origin  should  be  suspected, 
either  by  direct  intrusion  from  the  “granitic  layer”,  or  possibly 
by  melting,  differentiation,  and  intrusion  of  the  “  metamorphic  ” 
layer.  As  yet  it  is  difficult  to  understand  how  a  granitization  process 


266 


M.  H.  P.  Bolt— 


could  give  a  large  negative  anomaly,  although  the  geophysical  evidence 
does  not  tell  against  bulk  magmatic  origin  with  a  marginal  granitized 
zone,  or  graniti/ation  with  downward  diffusion  of  surplus  mass. 

(2)  Various  patterns  with  no  large  anomaly  (e.g.  the  granite  gneisses 
of  South  Brittany).  Possibly  granitization  in  origin. 

(3)  Large  positive  anomaly  (e.g.  Moume  granite).  Presumed 
association  with  basic  intrusion  below,  which  has  given  rise  to  the 
“  granite  ”  either  by  differentiation,  or  by  melting  the  sialic  rocks  it 
intrudes,  and  reintrusion  of  these. 

VII.  The  Distribution  and  Origin  of  Basic  Extrusives 

The  fundamental  conditions  of  intrusion  are  the  same  as  for  acid 
rocks.  These  rocks  are  assumed  to  originate  from  the  “  basaltic  ” 
layer,  which  is  overlain  by  the  less  dense  granitic  layer.  The  over- 
lying  “  granitic  ”  layer  will  be  in  hydrostatic  equilibrium  and  hence 
the  existing  forces  of  gravity  will  tend  to  oppose  stoping.  So  basic 
magmas  would  be  expected  to  reach  the  surface  by  forcible  ejection, 
by  forces  other  than  simple  gravity,  along  lines  of  crustal  weakness, 
as  is  observed.  Similarly  ultrabasic  intrusions  other  than  these  formed 
by  differentiation  of  other  magmas,  can  only  form  by  forcible  ejection 
along  lines  of  weakness  in  tectonic  belts  as  observed  (Hess,  1937). 
A  dynamic  origin  of  the  dunites  of  St.  Paul’s  Rocks,  Mid  Atlantic 
Ridge,  is  indicated  by  their  intense  mylonitization  (Tilley,  1947). 

The  author  wishes  to  thank  Mr.  D.  Masson-Smith  with  whom  the 
field  results  stimulating  this  paper  were  obtained  ;  Mr.  W.  B.  Harland 
for  much  help  and  discussion  throughout  the  work ;  Dr.  S.  R.  Nockolds 
and  Dr.  M.  N.  Hill  for  suggesting  improvements  to  the  manuscript; 
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A  Basalt  Flow  and  Feeding  Dyke,  N.E.  Uganda 

By  K.  A.  Davies 


Abstract 

Tholeiitic  rocks,  which  are  well  represented  in  the  igneous  history 
of  the  African  Continent,  occur  as  a  dyke  and  related  flow  found 
by  the  writer  in  the  north-east  comer  of  Uganda.  They  outcrop 
in  an  area  which  is  notable  mainly  for  alkaline  intrusions  and  lavas, 
so  a  brief  attempt  is  made  to  explain  the  relationships  and  origins 
of  the  rocks  in  this  limited  area  of  the  continent. 


IGNF.OUS  activity  throughout  the  eastern  side  of  the  African 
continent  is  notable  for  its  production  of  both  alkaline,  high 
calcium,  undersaturated  rocks,  and  saturated  types  such  as  rhyolites, 
obsidians,  and  quartz-basalts.  The  last-named  group,  together  with 
their  intrusive  equivalents,  have  been  evident  since  Archaean  times. 
The  alkaline  rocks,  on  the  other  hand,  so  far  as  the  writer  can  ascertain, 
have  not  been  found  in  rocks  earlier  than  approximately  middle 
Palaeozoic.  Intrusive  rocks  or  their  equivalent  lavas  bearing  nepheline 
or  leucite  are  found  in  most  of  the  countries  up  the  eastern  side  of 
Africa  from  the  Union  to  Egypt,  though  they  are  most  prominent  as 
rocks  of  Tertiary  or  Post-Tertiary  age.  They  are,  in  particular,  closely 
related  to  the  Rift  Valley  feature  of  the  eastern  side  of  the  continent. 

Basaltic  material  of  tholeiitic  alTmities  is  represented  in  dykes 
and  flows  of  certainly  more  than  one  Pre-Cambrian  age  in  Uganda. 
Dolerites,  too,  which  arc  similar  in  chemical  type  to  the  early  Uganda 
manifestations,  are  known  in  the  later  Katanga  (Palaeozoic)  and 
Karroo  Systems  of  neighbouring  countries.  In  Uganda  itself,  however, 
no  igneous  rock  is  known  that  is  of  an  age  between  the  Pre-Cambrian 
and  the  Cretaceous.  Alkaline  rocks  of  possibly  Cretaceous  age  break 
the  long  gap  of  unknown  igneous  history  within  the  Protectorate,  and 
subsequently  recur  on  both  the  east  and  western  sides  of  the  country  in 
volcam)es  from  the  Miocene  onwards  to  the  Pleistocene. 

On  the  eastern  side  of  Uganda  and  the  contiguous  part  of  Kenya, 
alkaline  rocks,  as  well  as  rhyolites  and  basalts,  arc  represented  in  the 
geological  history  from  the  Miocene  onwards. 

The  dyke  and  flow  which  are  described  here  are  probably  related 
in  time  to  outbursts  of  similar  type  which  took  place  in  that  part  of 
Kenya  which  lies  just  across  the  border,  but  are  clearly  of  a  much 
later  date  than  the  rocks  of  the  nepheline  volcanoes  which  also  occur 
along  the  eastern  border  of  the  Protectorate.  What  is  probably  the 
latest  of  the  major  alkaline  centres,  Elgon,  ceased  to  erupt  in  the 
Pliocene.  The  state  of  erosion  of  the  basalt  flow  described  here,  on 
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the  other  hand,  suggests  a  date  of  formation  no  earlier  than  the 
Pleistocene. 

The  rocks  which  form  the  subject  of  this  paper  were  discovered  at 
a  locality  some  5+  miles  due  east  of  Loyoro,  the  headquarters  of  the 
Dodoth  and  most  northerly  subdivision  of  the  Karamoja  district, 
which  itself  forms  the  north-eastern  comer  of  Uganda.  The  area 
to  the  east  of  Loyoro  consists  roughly  of  a  series  of  north-south 
ridges  in  all  some  12  miles  broad  and  made  up  of  what  appear  to  be 
largely  granitoid  paragneisses,  with  many  inclusions  of  amphibolitic 
material  and  some  bands  of  ancient  marble  and  quartzites.  Immedi¬ 
ately  east  of  this  belt  the  country  descends  on  a  scarp-like  slope  to 
the  lower  country  of  Kenya.  The  strike  of  the  rocks  in  this  metamorphic 
series  varies  between  165’  and  185’  so  that  resultant  erosion  has 
carved  out  a  series  of  roughly  north-south  ridges  and  valleys. 

This  area  forms  the  divide  between  the  Nile  drainage  on  the  west 
and  that  which  eventually  flows  to  the  internal  drainage  areas  of 
swamp  and  lake  which  lie  in  the  northern  part  of  Kenya.  As  such 
it  is  largely  free  from  the  cover  of  cotton  soil  which  is  so  frequent 
in  many  other  parts  of  Karamoja,  and  outcrops  are  plentiful. 

The  rocks  described  were  noted  in  a  brief  reconnaissance  of  the 
area  in  search  of  water  supplies  and  only  a  short  examination  was 
possible. 

The  occurrence  consists  of  a  dyke  with  a  flow  immediately  to  the  west. 
The  dyke  is  up  to  some  6  feet  wide  where  the  Loyoro  path  crosses  it, 
and  strikes  approximately  north-south.  On  the  rough  ground  to  the 
west  and  slightly  up  the  slope  are  numerous  boulders  of  a  fine-grained 
lava.  No  continuous  outcrop  was  seen  but  the  relationships  of  the 
dyke  and  the  flow  are  without  doubt. 

The  flow  consists  of  a  fine-grained,  smooth  weathering,  tough, 
dark  blue  rock  with  some  phenocrysts  of  pyroxene.  Occasionally 
the  boulders  are  somewhat  scoriaceous.  The  dyke  rtKk,  on  the  other 
hand,  is  even  but  medium  to  coarse  in  texture  and  breaks  to  form 
rough  surfaces. 

Petrographical  descriptions  of  the  rocks  are  as  follows: — 

Dyke. — The  dolcrite  consists  of  a  fine-  to  medium-grained  mixture 
of  mainly  feldspar  and  pyroxene  with  occasional  phenocrysts  of 
feldspar  up  to  a  centimetre  across.  The  texture  is  usually  ophitic 
but  sometimes  the  pyroxene  prisms  exhibit  a  criss-cross  form. 

The  feldspars  are  of  two  generations,  but  all  are  remarkable  for  an 
evenly  distributed  very  fine  content  of  iron  ore  which  gives  the  slide 
a  grey  colour  when  viewed  in  ordinary  light  under  low  magnifications. 

The  coarser  laths  are  marked  by  much  pericline  twinning  with 
lesser  amounts  of  albite  and  Carlsbad  types,  and  the  highest  refractive 
index  measured  was  1  -5603,  i.e.  approximately  55  per  cent  Ab,  45  per 
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cent  An.  The  clusters  of  fine-grained  feldspar  are  of  a  good  deal  lower 
index.  Some  zoning  is  noticeable  in  the  large  crystals.  The  fine  magne¬ 
tite  which  so  markedly  colours  the  feldspar  suggests  an  exsolution 
effect  whereby  some  of  the  iron  was  retained  in  solution  until  the 
feldspar  crystallized. 

Quartz  occurs  both  rarely  as  separate  crystals  and  also  in  association 
with  feldspar  as  micrographic  patches. 

The  hypidiomorphic  crystals  of  pyroxene  are  largely  hypersthene, 
though  an  occasional  grain  or  small  prism  of  pigeonite  is  to  be  seen. 
Measurements  of  the  refractive  indices  of  the  hypersthene  gave  the 
following  figures:  a  =  1  -686,  y  =  1  -706. 

Some  change  to  amphibole  and  chlorite  has  taken  place,  as  well  as 
a  little  biotite.  The  interstitial  material  is  covered  with  fine  needles  w  hich 
are  almost  certainly  pyroxene.  Granular  magnetite  occurs  and  is  also 
closely  associated  with  biotite  and  calcite. 

Flow. — The  minerals  here  are  similar  to  those  of  the  dyke,  though 
the  structure  and  grain  are  entirely  different.  Flow  structure  is  marked 
and  the  grain  is  generally  microcrystalline.  The  rock  also  carries 
vesicles  of  calcite  and  quartz.  Phenocrysts  of  pigeonite  and  hypersthene 
occur  and  the  curious  colouration  of  the  feldspar  by  the  very  fine 
iron  ore  seen  in  the  dyke  rock  is  present  here  also. 

Another  noticeable  feature  consists  of  needles  of  iron  ore  arranged 
in  a  similar  fashion  to  the  needles  seen  in  the  breakdown  of  ilmenite 
to  leucoxene. 

An  analysis  of  the  dyke  rock  by  B.  C.  King  is  as  follows  (Specimen 
No.  D.  1982):— 
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Rocks  with  comparable  analyses  taken  from  Uganda  and  elsewhere 
are  as  follows: — 
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2-95 

K.,0 

-37 

•96 

1-13 

1-38 

FF  .O  i- 

n  ,o  - 

-44 

•37 

•52 

•16 

•49) 

•22/ 

2-00 

Tib. 

2-42 

1-13 

1-73 

1-41 

MnO 

•08 

•54 

•23 

•23 

BaO 

•05 

P,05  . 

•57 

•19 

•21 

•27 

S  . 

tr. 

Totals 

.  99-98 

100-47 

100-13 

99-97 

(1)  CiRovrs,  A.  W.  Charnockite,  Pre-Cambrian.  Dyke  rock  near  VVaki 

Camp,  Bunyoro.  Quart.  Journ.  deal.  Soc.,  xci,  1935,  172. 

(2)  Daly,  R.  A.,  and  Barth,  T.  VV.  Dolerites,  asswiated  with  the  Karroo 

System,  S.  Africa.  Ceol.  Maf;.,  Ixvii,  1930,  101. 

(3)  Walkfr,  F  .,  and  Poi.oervaart,  A.  L.  Petrology  of  the  Dolerite  Sill  of 

Downes  Mountain,  Calvinia.  Trans,  deal.  Soc.  S.  Africa,  xliii, 
1940.  “  Undifferentiated  magma,”  p.  171. 

(4)  Daly,  R.  A.  Average  Diabase  (Osann).  Igneous  Rocks  and  their  Origin, 

1914,  p.  27. 


Tholeiitic  rocks  are  common  throughout  Africa  and  form  by  far 
the  greater  number  of  dolerites  of  all  ages  within  the  Protectorate.  It 
is  possible  that  some  altered  rocks  with  talc  and  serpentine  contained 
in  the  metamorphic  belt  of  the  Uganda-Kenya  border  may  represent 
old  olivine-dolerites  or  -basalts  but  the  remaining  dykes  found  hitherto 
elsewhere  in  the  country  are  those  which  contain  pyroxenes,  variable 
plagioclase,  which  often  includes  acid  types,  micrographic  quartz, 
and  feldspar,  and  often  free  quartz. 

The  writer  has  suggested  elsewhere  (Davies,  1952,  p.  54)  that 
thickening  of  the  earth's  crust  and  erosion  of  the  Gondwanaland  mass 
might  have  caused  the  alkaline  magma  which  is  so  prominent  in  the 
later  rocks  of  the  African  Continent  to  be  drawn  up  from  deeper  levels 
than  those  which  had  previously  formed  the  reservoir  of  the  material 
poured  out  on  the  crust  over  the  continent.  On  the  other  hand  the 
large  mass  of  heavy  rocks  which  occur  along  the  Kenya-Uganda 
border  might,  by  the  Airy  hypothesis  of  isostasy,  still  allow  of  the 
tapping  of  material  which  has  been  intruded  into  or  poured  out  over 
Uganda  rocks  since  early  pre-Cambrian  times. 
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Tectonic  Features  of  the  Hecla  Hook  Formation  to  the 
South  of  St.  Joiisfjord,  Vestspitsberjjen 

By  L.  E.  Weiss 
Abstract 

A  structural  study  of  r«Kks  of  the  Hecla  Hook  formation  in  the 
area  of  Forlandsundet  of  Vestspitsbergen  reveals  the  presence  of 
two  fl-a\cs.  The  earlier  (fi,>  trends  roughly  east-west  and  affects 
only  the  Hecla  Hook  formation  ;  the  later  axis  (Bo)  trends  roughly 
north-south,  and  affects  also  rocks  of  Carboniferous  age.  It  is 
suggested  that  B,  is  the  main  “  Caledonian  ”  axis  in  this  area,  and 
that  Bo  and  the  roughly  north-south  “  grain  ”  of  the  rocks  concerned 
are  Lower  Tertiary  phenomena. 

InTRODUC  TION 

IN  the  summer  of  1948  the  writer  visited  Vestspitsbergen  as  a  member 
of  a  small  expedition  from  the  Department  of  Geology  at  the 
University  of  Birmingham.  This  expedition,  led  by  M.  F.  W.  Holland, 
investigated  the  geology  of  the  area  lying  between  Isfjord  and 
Fidembreen  (Text-fig.  I).  During  a  traverse  from  Trygghamna  to 
Daumannsodden  one  member  (B.  H.  Baker)  discovered  a  fossil¬ 
bearing  horizon  within  the  supposed  Hecla  Hook  rocks  at  Kapp 
Scania.  This  discovery  was  made  during  the  last  phase  of  the  work, 
and  no  time  was  then  available  for  detailed  mapping  of  the  area.  The 
fossils,  mainly  corals  and  brachiopods,  are  very  poorly  preserved  as 
the  rocks  in  which  they  occur  have  been  strongly  deformed.  It  was  thus 
tentatively  assumed  at  the  time  that  the  horizon  was  part  of  the  Hecla 
Hook  succession  and  that  the  fossils  were  probably  of  Lower  Palaeozoic 
age.  Subsequently  A.  Orvin  and  O.  Holtedahl,  of  the  Norsk  Polar- 
institut,  in  Oslo,  identified  the  corals  as  Carboniferous  forms,  thus 
raising  a  number  of  tectonic  problems  necessitating  further  field  work. 

In  the  summer  of  1951  the  writer  accompanied  a  second  expedition 
from  the  University  of  Birmingham,  led  by  h.  R.  Hitchcock,  to  the 
area  lying  between  Fidembreen  and  St.  Jonsfjord  (Text-fig.  I ).  Kapp 
Scania  was  visited  in  the  same  year  by  the  joint  Oxford  and  Cambridge 
Universities  expedition  to  Nordaustlandet,  and  an  extensive  collection 
of  fossils  were  made  at  the  original  locality.  It  is  from  this  collection 
that  Forbes  obtained  the  material  which  he  described  in  a  letter  to  the 
Geological  Maitazine  (Ixxxix,  1952,  p.  303). 

The  writer  made  two  geological  traverses  in  rocks  of  the  Hecla  Hook 
formation  from  a  base  near  Mullerneset,  first  along  the  southern  shore 
of  St.  Jonsfjord  to  the  Charlesbreen,  and  secondly  southward  along  the 
coast  of  Forlandsundet  to  the  lateral  moraines  of  Fidembreen.  During 
the  second  of  these  traverses  the  northward  prolongation  of  the 
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Carboniferous  rocks  of  Kapp  Scania  was  found  in  the  coastal  moun¬ 
tains,  w'here  they  form  a  narrow  outcrop  striking  approximately  north- 
north-west  and  bounded  upon  both  sides  by  rocks  of  the  Hecla  Hook 
formation.  The  outcrop  stretches  from  Mullerneset  southward  to 


Text-fig.  1. — Sketch-map  of  the  Isfjord — St.  Jonsfjorden  region  of 
Vestspitsbergen,  showing  its  location  on  inset  outline  map  of 
Svalbard. 


Eidembukta,  where  it  vanishes  into  the  sea  to  reappear  somewhere 
between  the  south  side  of  Eidembreen  and  Daumannsodden. 

The  purpose  of  this  preliminary  paper  is  briefly  to  record  some 
observations  made  upon  the  detailed  tectonics  of  the  Hecla  Hook 
formation  in  this  area.  The  newly  discovered  Carboniferous  rocks 


Tectonic  Features  of  the  Hecla  Hook  Formation  275 

enter  closely  into  the  structure  of  Forlandsundet  coast,  and  no  discus¬ 
sion  of  the  tectonics  of  the  Hecla  Hook  formation  would  be  complete 
without  also  considering  these.  It  is  hoped  at  some  future  date  to 
report  in  greater  detail  (in  collaboration  with  B.  H.  Baker)  the  petro¬ 
graphy  and  structural  petrology  of  the  Hecla  Hook  formation  between 
St.  Jonsfjord  and  Isfjord.  Another  field  season  is  required  before  the 
publication  of  a  geological  map  and  accompanying  report  will  become 
possible. 

1.  The  Hecla  Hook  Formation  Between  St.  Jonsfjorden  and 

Eidembreen 

Metamorphic  rocks  of  the  Hecla  Hook  formation  occupy  most  of 
the  area  lying  between  St.  Jonsfjorden  and  Eidembreen.  To  the  east 
they  are  unconformably  overlain  by  Culm  rocks  of  Carboniferous  age 
along  a  line  running  between  Vegardfjella,  in  the  north,  and 
Trygghamna,  in  the  south.  As  elsewhere  in  Vestspitsbergen,  the  Hecla 
Hook  rocks  are  products  of  metamorphism  of  low  to  medium  intensity 
and  comprise  a  mixed  series  of  slates,  phyllites,  quartzites,  mica  schists, 
and  calcite  or  dolomite  marbles,  associated  with  basic  intrusives.  For 
the  purpose  of  this  paper  the  Hecla  Hook  formation  in  the  area  has  been 
divided  into  two  broad  structural  and  lithological  units,  differing  in 
geographical  distribution  and  possibly  age  as  well. 

(i)  The  eastern  series  consists  of  those  rocks  lying  to  the  east  of  the 
newly  discovered  Carboniferous  outcrop.  It  is  exposed  along  the 
southern  shore  of  St.  Jonsfjorden  and  is  unconformably  overlain  by  the 
main  Carboniferous  formation  near  the  ice  cliffs  of  Osbornebreen 
(Holtedahl,  1912,  pp.  67-70). 

(ii)  The  western  series  consists  of  those  rocks  lying  to  the  west  of  the 
Carboniferous  outcrop.  It  forms  the  coast  of  Forlandsundet  from 
Mullerneset  to  the  promontory  on  the  north  side  of  Eidembukta 
(Text-fig.  1). 

The  main  folding  and  metamorphism  of  the  Hecla  Hook  formation 
is  known  to  be  of  pre-Devonian  age  (Orvin,  1940,  pp.  11-15),  but  it 
seems  likely  that  these  rocks  should  also  show  some  trace  of  the  post- 
Carboniferous  deformation  which  has  strongly  affected  the  Carboni¬ 
ferous  rocks  of  the  Foreland  Sound.  It  seems  important  that  care  be 
taken  to  separate  the  effects  of  the  two  deformations.  With  this  aim  in 
view  field  work  in  the  summer  of  1951  was  directed  towards  an  accumu¬ 
lation  of  as  many  structural  data  as  possible.  Altogether  over  1,000 
measurements  of  the  strike  and  dip  of  5-planes  and  the  trend  and 
plunge  of  fold  axes  and  lineations  were  made.  Work  was  confined  to 
the  regions  where  surface  creep  was  at  a  minimum,  and  the  traverses 
were  conducted  largely  upon  the  raised  wave-cut  marine  platform  and 
in  the  excellent  cliff  sections.  The  data  so  obtained  have  been  plotted 
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on  a  Schmidt- Lambert  equal-area  projection  and  analysed  in  accordance 
with  the  normal  procedure  in  structural  petrology. 

(i)  The  Eastern  Series 

Foliation. 

With  the  exception  of  the  massive  quartzite  bodies  which  occur  in 
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Tfxt-hg.  2. — Profiles  of  folds  about  the  axis  /?,  in  the  eastern  series  of  the 
Hecia  Hook  formation. 

(a)  Folding  in  a  calcareous  semi-pelite.  So  is  parallel  to  the  axial- 
planes  of  the  folds  affecting  S,.  It  pervades  the  whole  rock  but 
tends  to  be  concentrated  in  movement  planes  spaced  a  few  inches 
apart. 

(h)  Folding  in  a  more  competent  calcareous  schist.  So  is  con¬ 
centrated  in  definite  movement  planes  and  arises  by  transposition 
of  5’,. 

(f)  Fold  in  pelitic  schist  to  the  west  of  Mount  Bull.  .S',  is  repre¬ 
sented  by  the  sigmoidal  psammitic  body. 

(d)  Semi-pelitic  schist  showing  complete  obliteration  of  5,  in 
the  pelitic  members.  The  discordant  rib  of  quartzite  with  incipient 
boudinage  is  all  that  remains  of  5,. 


the  eastern  part  of  Holmesletfjella  and  in  Gunnar  Knudsenfjella, 
most  of  the  rocks  of  the  eastern  series  show  two  megascopic  5-planes. 
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Sedimentary  bedding  (5i)  is  preserved  in  the  slaty  and  phyllitic  rocks 
as  highly  contorted  and  partially  obliterated  colour  banding  or  as  lenses 
and  streaks  of  obdurate  psammite.  It  has  been  intensely  folded  and 
sheared,  with  the  production  of  a  second  megascopic  foliation  plane 
{Si)  roughly  parallel  to  the  axial-planes  of  the  folds.  This  is  developed 
mainly  in  the  pelitic,  semi-pelitic,  and  calcareous  rocks.  The  massive 
quartzites  lack  both  foliation  and  bedding.  Text-figs.  2(a)  to  (^/)  are 
profiles,  that  is,  sections  drawn  normal  to  fold  axes  (see  D.  B.  McIntyre, 
1950,  p.  331),  showing  the  mutual  relationship  of  5,  and  5.  in  different 
exposures. 

Within  the  rocks  forming  the  southern  shore  of  St.  Jonsfjord,  at 
least  as  far  as  Lovliebreen,  the  most  pronounced  megascopic  .v-plane 
is  in  many  cases  S,.  The  traverse  made  along  this  shore  has  shown  the 
foliation  of  the  eastern  Hecia  Hook  formation  to  be  disposed  in  a  broad, 
open,  assymmetrical  synclinorium  about  an  axis  trending  roughly 
north-north-west  and  plunging  gently  to  the  south.  The  trough-line  of 
this  fold  reaches  the  coast  between  Thorkelsenfjellet  and  Bulltinden 
(Text-fig.  I ),  and  the  fold  is  probably  the  northward  prolongation  of 
a  similar  fold  mapped  to  the  south  of  Daumannen  by  B.  H.  Baker,  and 
in  Heidenstamfjellet  and  Kinnefjellet  by  the  writer  in  1948.  In  these 
areas  the  fold  axis  has  the  same  trend,  but  the  plunge  is  gently  to  the 
north.  It  is  possible  to  erect  stratigraphical  units  in  the  rtKks  forming 
this  syncline,  but  as  the  foliation  involved  is  sometimes  S-i  instead  of  the 
original  sedimentary  layering  Si,  the  units  so  erected  may  possibly  have 
little  value  for  correlation  with  stratigraphical  units  of  the  Hecia  Hook 
formation  in  other  parts  of  Vestspitsbergen.  Only  thick  competent 
horizons  such  as  the  massive  quartzites  in  the  east  and  the  even  more 
massive  dolomite  marbles  in  the  west  of  the  area  arc  likely  to  have 
retained  an  original  stratigraphical  continuity. 

Folding’  and  Lineation. 

Two  intersecting  fold  axes  can  be  observed  in  many  exposures  within 
the  eastern  series,  but  there  is  a  considerable  variation  of  trend  and 
plunge  of  both. 

(a)  There  is  a  more  or  less  east-west  axis  of  penetrative  folding  on 
a  small  scale,  affecting  the  bedding  foliation  Si  as  described  above.  The 
symmetry  of  folding  is  monoclinic  (Text-fig.  2a-d),  and  the  corre¬ 
sponding  lineation  parallel  to  the  fold  axes  and  normal  to  the  single 
symmetry  plane  of  the  folded  fabric  is  a  (5)-lineation  which  is 
designated  Bi. 

(b)  There  is  an  axis  of  major  folding  trending  between  north-east 
and  north-west,  horizontal  or  plunging  gently  to  the  south.  This  is  the 
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Text-hg.  3. — Sub-areas  of  homogeneity  for  the  eastern  and  western  series 
of  the  Hecia  Hook  formation.  The  fi-maxima  are  shown  diagram- 
matically  as  circles  which  correspond  approximately  with  a  con¬ 
centration  of  20  per  cent  per  1  per  cent  area. 
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axis  of  the  major  syncline  in  the  eastern  series  mentioned  above.  An 
accompanying  lineation  may  be  observed  in  some  of  the  folded  rocks. 
A  study  of  the  megascopic  features  of  the  folds  about  this  axis  has 
shown  that  the  fabric  has  monoclinic  symmetry  with  the  plane  of 
symmetry  normal  to  the  fold  axis.  This  axis  is  also  a  fi-axis  and  the 
accompanying  lineation  will  be  referred  to  as  Bi. 

There  are  thus  in  this  area  traces  of  at  least  two  periods  of  folding 
which  have  atfected  the  eastern  series  of  the  Hecla  Hook  formation. 
Both  of  the  fold  axes  are  paralleled  by  lineations,  and  both  are  true 
B-'d\es  (they  are  normal  to  the  deformation  planes  determined  by  a 
study  of  megascopic  structures,  and  to  the  corresponding  planes  of 
symmetry).  Locally  either  of  the  two  fl-axes  may  be  dominant, 
depending  upon  the  relative  strengths  of  the  two  deformations.  In 
places  one  axis  may  be  developed  completely  to  exclusion  of  the  other, 
but  more  generally  traces  of  both  may  be  seen  in  any  one  exposure.  In 
order  to  demonstrate  the  distinct  identity  of  the  two  i?-axes  graphically 
the  poles  of  lineations  and  fold  axes  at  various  exposures  have  been 
plotted  upon  equal-area  projections.  As  mentioned  above,  the  eastern 
area  is  not  tectonically  homogeneous,  due  probably  to  local  irregular 
tiltings  and  adjustments  caused  by  the  late  Tertiary  block  faulting 
movements  which  have  been  operative  in  the  area  of  Forlandsundet 
(A.  K.  Orvin,  1940,  pp.  49-54),  and  a  limited  area  only  will  be  con¬ 
sidered.  The  region  between  Mullerneset  and  Holmesletbreen  has  been 
divided  into  five  sub-areas,  and  the  fi-axes  measured  in  the  field  have 
been  plotted  for  each  area.  The  diagrams  so  obtained  are  shown  geo¬ 
graphically  oriented  in  Text-fig.  3.  Individual  sub-areas  are  not 
completely  homogeneous,  but  the  two  maxima  corresponding  to  Bi 
and  Bi  can  be  separated  and  identified  with  little  difficulty.  Text-fig.  4a 
shows  the  combined  data  of  the  five  diagrams  for  the  sub-areas  plotted 
collectively  with  common  geographical  co-ordinates.  The  two  maxima 
corresponding  to  Bi  and  Bt  are  still  readily  separable,  but  they  are  less 
distinct  than  in  the  diagrams  for  the  individual  sub-areas.  From  the 
field  evidence  alone  it  is  obvious  that  Bi  is  the  earlier  axis  ;  Bi  is  the 
axis  about  which  the  foliation  Si  is  folded,  whereas  Si  itself  is  a  direct 
result  of  the  folding  and  shearing  about  Bi.  Concentration  of  earlier 
(Bi)  axes  is  intensified  if  the  individual  Bi-axes  of  the  five  sub-areas  are 
rotated  to  mutual  parallelism  as  in  Text-fig.  4b.  Such  a  procedure  is 
only  an  artificial  means  of  regaining  homogeneity,  for  the  rotations 
have  been  carried  out  arbitrarily  about  a  vertical  axis  ;  but  as  the 
angles  involved  are  small  it  is  a  useful  way  of  demonstrating  the 
relative  constancy  of  the  angle  between  Bi  and  Bi,  regardless  of  their 
trend  and  plunge  in  individual  exposures.  The  average  angle  between 
the  two  axes  in  the  north-west  quadrant  is  about  65°  (Text- 
fig.  4b). 
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(ii)  The  Western  Series 

Foliation. 

Unlike  the  eastern  series,  the  western  series  of  the  Hecia  Hook  forma¬ 
tion  usually  shows  only  one  marked  foliation  plane  and  this  is  more 
pronounced  than  those  of  the  eastern  series.  Compositional  variation 
in  the  rock  types,  which  commonly  is  rapid,  invariably  parallels  the 
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Text-fig.  4. — (a)  and  {b)  fl-axcs  in  the  eastern  series.  109  axes  ;  contours 
2-6-10-14  per  cent  per  1  per  cent  area. 

(c)  B-axes  in  the  western  series.  70  axes  ;  contours  1-4-8-10  per 
cent  per  1  per  cent  area. 

foliation  plane.  The  horizons  of  massive  white  quartzite  which  are 
common  along  the  coast  of  Forlandsundet  lie  along  the  foliation  plane 
in  a  perfectly  conformable  fashion.  For  this  reason  the  foliation  is 
interpreted  as  being  equivalent  to  5i  in  the  eastern  series,  as  well  as  to 
Sj.  In  the  western  series  the  highly  competent  nature  of  most  of  the 
rocks  involved  seems  to  have  caused  the  Si  foliation  to  develop  parallel 
to  the  pre-existent  Si  bedding  planes,  as  it  has  in  the  competent  horizons 
in  the  eastern  series.  Throughout  the  whole  outcrop  of  the  western 
series  the  foliation,  which  will  be  referred  to  as  Si_2,  has  a  generally 
north  to  south  strike  except  for  local  variations.  The  dip  of  the  foliation 
plane  is  usually  60"’-70'’  due  west,  but  it  may  also  be  steeply  to  the 
east,  more  particularly  in  a  narrow  area  immediately  adjacent  to  the 
junction  with  the  Carboniferous  rocks.  The  consistently  steep  dip  of 
the  foliation  and  the  regularity  of  its  strike  contrast  strongly  with  the 
dominantly  shallow  dip  and  variable  strike  of  Si  and  Si  in  the  eastern 
series. 

In  some  incompetent  beds  a  second  foliation  is  locally  developed 
parallel  to  the  axial-planes  of  folds  the  axes  of  which  plunge  gently  tc 
the  south.  This  foliation  (S3)  is  generally  conformable  to  the  regional 
foliation  plane,  in  striking  between  north-north-west  and  north,  and 
dipping  steeply  to  the  west.  It  is  thus  likely  that  the  regional  foliation 
of  the  western  series  (Si_j),  in  addition,  owes  some  of  its  prominence 
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to  the  movements  which  have  produced  S3  in  the  more  incompetent 
beds. 

Folding  and  Lineation. 

Like  the  eastern  series,  the  western  series  has  been  art'ected  by  at 
least  t\\o  systems  of  folding  about  axes  with  markedly  different 
orientations  : — 

(a)  An  early  axis,  intermittently  and  faintly  developed,  and  plunging 
steeply  to  the  west  or  west-south-west. 

(h)  A  later  much  more  pronounced  axis  trending  approximately 
north-south  and  plunging  gently  to  the  south. 

The  second  axis  agrees  closely  with  the  dominantly  north-north-west 
trend  of  the  fl^-axis  in  the  eastern  series,  and  for  this  reason  the  two  are 
correlated.  In  the  western  series  the  effects  of  the  /?,-axis  are  very 
strong  ;  it  is  paralleled  by  a  pronounced  lineation  which  is  visible  in 
almost  all  exposures.  Bi  has  become  an  axis  of  extension  as  well  as 
one  of  folding,  as  is  shown  by  pebbles  in  a  conglomeratic  layer  which 
are  strongly  elongated  parallel  to  Bi.  Locally,  in  very  incompetent 
schist  horizons,  an  axial-plane  foliation  (Sj)  has  developed  parallel  to 
the  axial-planes  of  folds  about  Bi. 

Along  the  Foreland  Sound  coast  the  rocks  have  all  assumed  a  steep 
and  regular  westward  dip,  and  the  lineation  parallel  to  /i.  is  intense. 
The  earlier  of  the  two  axes,  which  is  most  easily  ob.served  in  this  area, 
plunges  approximately  down  dip  and  is  weaker  than  the  Bi-d\i%.  This 
axis  is  correlated  with  the  Bi-axis  of  the  eastern  series  with  which  it 
agrees  in  trend.  It  is  marked  by  only  weak  lineation  and,  with  the 
exception  of  rare,  large,  open  folds,  by  folding  only  on  a  small  scale. 

In  order  to  bring  out  regularity  in  structure  of  the  western  area  it, 
too,  has  been  divided  into  a  number  of  sub-areas.  Text-lig.  3  (lower 
portion)  shows  the  four  sub-areas  with  geographically  oriented  equal 
area  projections  of  the  corresponding  ^-axes  ;  at  least  two  areas  of 
fi-axis  concentration  can  be  distinguished  in  each  projection,  and  in 
that  for  sub-area  2  there  is  also  a  third.  The  data  for  the  four  sub-areas 
are  combined  as  a  collective  diagram  in  Text-fig.  4c.  The  sub-maximum 
associated  with  the  main  Bi  concentration  most  probably  represents  a 
local  variation  of  the  iS^-axis,  as  the  angle  between  the  two  maxima 
is  small. 

In  general  the  structure  of  the  western  series  a^-'es  closely  w  ith  that 
of  the  eastern  series.  In  both  there  it  ’dencv  an  earlier  /^-axis 
trending  roughly  east-west,  and  a  later  fi-axis  trending  approximately 
north-south.  The  average  angle  between  the  statistical  maxima  for 
Bi  and  Bi  measured  in  the  north-Wv.  ^uadrant  in  both  cases  is  bS'*  in 
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the  eastern  series  but  is  115^  in  the  western  series.  Other  weak  axes 
may  be  developed  locally,  but  at  the  present  time  insufficient  informa¬ 
tion  is  available  to  systematize  the  occurrence  of  these. 

2.  The  Carboniferous  Rocks  of  the  Forlandslndet 
General  Description. 

Since  the  writer  has  had  no  opportunity  to  make  a  study  of  the 
original  outcrop  of  Carboniferous  rocks  at  Kapp  Scania,  observations 
in  this  paper  will  be  confined  to  the  features  of  those  Carboniferous 
strata  exposed  between  Eidembreen  and  Miillerneset.  The  greatest 
width  of  their  outcrop  is  attained  near  Eidembreen  (Text-fig.  3),  where 
it  is  wedge-shaped  and  about  three-quarters  of  a  mile  wide  at  the  coast. 
To  the  north  the  outcrop  narrows  until,  to  the  west  of  Jorgenfjellet, 
it  vanishes  for  a  distance  of  1|  miles.  The  exposure  is  poor  in  this  area 
and  it  is  possible  that  the  eastern  and  western  series  of  the  Hecla  Hook 
formation  everywhere  are  separated  by  a  small  thickness  of  Carboni¬ 
ferous  rocks.  Near  the  southern  spur  of  Svartfjella  the  Carboniferous 
rocks  appear  again  as  a  narrow  white  quartzite  exposed  in  the  gorge 
of  a  river,  and  the  outcrop  widens  rapidly  as  it  climbs  into  the 
mountains.  It  maintains  a  constant  and  considerable  width  through¬ 
out  the  length  of  Svartfjella  and  Thorkelsenfjellet  and  thins  again 
slightly  as  it  falls  to  the  coastal  plane  before  vanishing  into  the  sea  at 
Miillerneset  (Text-fig.  3).  The  series  contains  massive  white,  buff,  and 
red  quartzites,  grey  limestones,  and  silicified  limestones  containing 
many  jasperitic  fossils.  One  horizon  of  calcareous  tufa  occurs  in  the 
succession  just  to  the  north  of  Eidembreen.  The  stratigraphy  of  these 
rocks  is  beyond  the  scope  of  this  work,  but  on  stratigraphical  grounds 
alone  the  rocks  appear  to  represent  a  large  part  of  the  Carboniferous 
succession,  ranging  from  the  centre  of  the  Middle  Carboniferous 
formation  to  somewhere  in  the  Upper  Carboniferous  Cyathophyllum 
limestone  (Holtedahl,  1912,  pp.  1-34). 

Tectonics. 

Just  to  the  west  of  Eidembreen,  in  a  deep  river  gorge,  the  Carboni¬ 
ferous  rocks  are  in  contact  with  the  Hecla  Hook  formation  along  a 
steeply  dipping  fault  with  a  wide  zone  of  brecciation.  At  the  junction 
the  foliation  in  the  eastern  series  strikes  south-east  and  dips  at  40^ 
eastward,  whereas  the  bedding  in  the  Carboniferous  rocks  (massive 
grey  limestones  and  quartzites  in  this  area)  strikes  approximately 
east-west.  The  strike  of  the  fault  parallels  that  of  the  foliation  in  the 
eastern  series  and  so  transgresses  that  of  the  bedding  in  the  Carboni¬ 
ferous  rocks.  The  junction  of  the  Carboniferous  rocks  with  the 
western  series  is  nowhere  accessibly  exposed,  but  reasons  will  presently 
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be  put  forward  for  believing  that  this  is  of  a  quite  different  nature. 
At  Miillerneset  both  junctions  are  well  exposed  in  the  cliff  section,  but 
as  no  boat  was  available  for  close  examination  of  the  cliffs,  all  that 
could  be  observed  was  a  marked  discordance  of  strike  and  dip  between 
the  foliation  in  the  eastern  series  and  the  planar  structure  of  the 
Carboniferous  rocks  at  what  is  evidently  a  steeply  faulted  junction. 

As  contrasted  with  the  relatively  highly  metamorphic  Hecla  Hook 
formation,  the  Carboniferous  rocks  of  Forlandsundet  are  unmeta¬ 
morphosed.  At  other  localities  in  Vestspitsbergen  the  same  is  true, 
and  Carboniferous  rocks  can  be  seen  in  a  number  of  places  resting 
unconformably  upon  metamorphic  rocks  of  the  Hecla  Hook  formation. 
In  the  area  of  Forlandsundet  the  Carboniferous  rocks,  though  unmeta¬ 
morphosed,  are  strongly  deformed.  In  general  intensity  of  deformation 
increases  from  the  south  towards  the  north,  and  at  Miillerneset  green 
phyllitic  rocks  with  newly  crystallized  chlorite  have  formed  locally  from 
the  mudstone  layers  within  the  limestones.  Even  in  the  vicinity  of 
Eidembreen  the  Carboniferous  nxks  are  strongly  folded  with  the 
production  of  an  axial-plane  cleavage  (Ss),  in  the  incompetent  layers, 
which  has  in  many  cases  obliterated  the  original  bedding  (Sr).  The 
intensity  of  the  axial-plane  cleavage  increases  towards  the  north,  and 
fold  axes  with  a  gentle  southward  plunge  are  more  commonly  observed. 
At  Miillerneset  the  only  visible  planar  structure  within  the  Carboni¬ 
ferous  rocks  is  the  axial-plane  foliation  (S3)  which  conforms  closely  in 
dip  and  strike  with  the  contact  between  the  Carboniferous  and  the 
western  series  and  with  the  foliation  (Si_2)  within  the  western  series. 
All  fossils  within  the  Carboniferous  rocks  have  been  destroyed  by  the 
strong  deformation,  and  the  green  phyllites  which  were  once  mud¬ 
stones  now  somewhat  resemble  the  dark  green  phyllitic  schists  of  the 
Hecla  Hook  formation  with  which  they  are  in  contact.  The  contact 
between  the  Carboniferous  rocks  and  the  western  series  thus  differs 
greatly  from  the  transgressive,  obviously  faulted,  contact  with  the 
eastern  series. 

Fold  axes  in  the  Carboniferous  rocks  agree  closely  in  trend  and 
plunge  with  the  north-south  axes  in  the  western  series  of  the  Hecla 
Hook  formation  (Bt).  Towards  Mullerneset  a  lineation  is  developed  in 
the  Carboniferous  rocks  which  marks  the  intersection  of  the  original 
bedding  (5c)  with  the  axial-plane  foliation  (53).  This,  too,  is  a 
fi-lineation.  Text-fig.  5a  is  an  equal  area  projection  of  fold  axes  and 
lineations  measured  within  the  Carboniferous  rocks.  The  statistical 
maximum  in  this  diagram  corresponds  closely  in  position  with  the  Bt 
maximum  for  the  western  series  shown  in  Text-fig.  4c,  and  so  the  two 
are  equated.  Of  the  ^i-axis  no  trace  could  be  found  within  the  Carboni¬ 
ferous  rocks  ;  it  appears  to  be  confined  to  and  characteristic  of  the 
Hecla  Hook  series. 
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3.  Tectonic  Synthesis 

Deformation  in  the  region  here  described  has  occurred  about  two 
main  B-axes. 

(а)  An  earlier  axis  B,  with  west-north-west  to  west-south-west  trend, 
recognizable  in  both  the  eastern  and  western  series  of  the  Hecia  Hook 
formation,  but  not  in  the  Carboniferous  rocks.  It  is  thus  peculiar  to 
and  characteristic  of  the  Hecb  Hook  formation. 

(б)  A  later  axis  trending  between  north-east  and  north-west  and 
recognizable  in  the  Carboniferous  rocks  as  well  as  in  both  the  eastern 
and  western  series  of  the  Hecia  Hook  formation. 


Text-fig.  5. — (a)  B-axes  in  the  Carboniferous  series  of  Forlandsundet. 

20  axes  ;  contours  5-1 5-25  per  cent  per  1  per  cent  area. 

(h)  B-axes  in  the  eastern  series  (diagrammatic). 

(c)  Inversion  of  the  western  series  about  with  respect  to  the 
•  eastern  series. 

Inversion  of  the  steeply  westward  dipping  foliation  of  the  western 
series  is  strongly  suggested  by  the  angular  relations  of  Bi  and  Bi,  as 
measured  in  the  north-west  quadrant— 65°  in  the  eastern  series  and  the 
supplementary  angle  1 15°  in  the  western  series.  Since  it  is  the  trend  of 
Bi  that  is  affected  by  the  inversion  it  follows  that  the  axis  of  inversion 
could  well  be  B2 ;  B^  is  an  axis  of  near-isoclinal  folding  in  both  the 
western  and  Carboniferous  series.  A  diagrammatic  sketch  of  the 
relations  between  the  two  B-axis  maxima  with  respect  to  the  inversion  is 
given  in  Text-fig.  5B-c. 

In  both  the  western  series  and  the  Carboniferous  rocks  of  the 
Foreland  Sound  area  the  B^-axis  is  strongly  developed,  folding  about 
Bi  is  nearly  isoclinal,  and  an  axial-plane  foliation  5a  is  developed  locally. 
In  rocks  of  the  eastern  series,  on  the  other  hand,  Bi  is  relatively  weak, 
and  folds  about  this  axis  are  open  and  symmetrical  or  slightly  over¬ 
turned  from  the  west  towards  the  east.  This  contrast  in  intensity  of 
deformation,  considered  in  conjunction  with  the  strongly  faulted 
contact  between  the  Carboniferous  rocks  and  the  eastern  series. 
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suggests  that  the  coastal  zone  of  strong  movement  about  Bt  and  the 
terrains  occupied  by  the  eastern  series  represent  different  tectonic 
horizons  with  respect  to  the  movements  about  Bf  The  table  below 
gives  a  diagrammatic  resume  of  the  tectonic  histories  of  the  three 
formations.  Suggested  ages  for  the  various  structural  features  are  given 
in  the  first  column. 


Age 

Western  Series  j  Carboniferous 

Eastern  Series 

Near-isoclinal  folding  Near-isoclinal  folding 

Moderately  strong 

/ 

of  5,  ,  about  an  axis  of  Sc  about  an  axis 

tolding  ot  .S,  and 

j 

trending  between  ;  trending  N.N.W,  h 

S,  abt)ut  an  axis 

Lower  j 

N.N.W.  and  N.N.E.  1  (flj.  ^ 

trending  between 

Tertiary 

(/U).  1  < 

N.W.  and  N.N.W. 

j 

Axial-plane  foliation  Axial-plane  foliation 

ili,). 

1 

(S3)  formed  in  in-  (S3)  developed  in  ; 

competent  beds.  incompetent  beds. 

Carboniferous 

Formation  of  original  i 

bedding  (S'c). 

L  pper  Silurian 

j  1 

/ 

Moderate  folding  of  ■  j 

Intense  folding  ol  .S, 

S,  about  an  axis 

about  an  axis  trend- 

trending  between  W.  !  i 

ing  between  W.  and 

Caledonides  I 

and  W.S.W.  (fl,).  i  ' 

W.S.W  (/),). 

(Upper  Ordo-< 

with  the  formation  1  1- 

Axial-plane  foliation 

vician-Lower 

of  a  "  bedding  ”  ^ 

(.S3)  formed  in  in- 

Silurian)  ? 

foliation  (S,-,)  and  '  ,< 

competent  beds  and 

metamorphism  of 

metamorphism  ol 

the  whole  series. 

the  whole  series. 

Upper 

1 

Ordovician  ? 

Cambro- 

Formation  of  original 

I  ormation  of  original 

Ordovician 

bedding  (S,).  | 

bedding  (.S',). 
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The  Carboniferous  Breccias  of  Billefjorden, 
V  estspitsbergen 

By  J.  R.  H.  McWhae 
(PLATE  XI) 


Abstract 

From  an  analysis  of  data  concerning  five  breccias  in  the  Bille- 
fjorden  area.  Central  Vestspitshergen,  and  from  a  consideration  of 
explanations  previously  advanced  of  other  breccias,  it  is  concluded 
that  the  main  breccias  are  due  to  collapse  following  solution  within 
the  underlying  beds. 


I.  Introduction 

Five  types  of  breccia  were  observed  in  the  Carboniferous  rocks 
of  the  Billefjorden  region,  Vestspitshergen,  during  the  geological 
investigations  of  the  Cambridge  Spitsbergen  Expedition  (C.S.E.),  1949 
(Harland,  1952). 

The  geological  setting  is  shown  in  Text-fig.  I  and  Table  1,  both 
summarizing  the  stratigraphical  and  structural  data  of  several  papers : 
Gee,  Harland,  and  McWhae  (1952),  McWhae,  1953,  and  Forbes 
and  McWhae  MS. 


Table  t 


Formation. 

Lithology. 

Thickness. 

(Feet.) 

Tentative  Age. 
Carboniferous  ac¬ 
cording  to  Frebold 
(1937)  and  Orvin 
(1940). 

Cyathophyllum 

Limestones. 

Various  shallow -marine  lime¬ 
stones,  fossiliferous  in  cer¬ 
tain  beds. 

1,500  1,950 

Upper 

Carboniferous. 

Passage  Beds 

Limestones,  sandstones,  and 
evaporite  ,  some  marine 
fauna. 

0-1,200 

Middle 

Carboniferous. 

Pyramiden 

Conglomerates. 

Local,  coarse  marine  con¬ 
glomerates. 

0-975 

Middle 

Carboniferous. 

Lower  Gypsi¬ 
ferous  Series. 

Caic.um  sulphate  deposits, 
subordinate  shales  and 
limestones,  very  rare  marine 
fossils. 

0  950 

Middle 

Carboniferous. 

Culm 

Sandstones,  shales  with  some 
coal  measures  ;  terrestrial, 
plant  remains. 

0-1,050 

Lower 

Carboniferous. 

Devonian,  in¬ 

cluding  Down- 
tonian. 

Molasse-type  elastics,  fish  and 
plant  remains. 

30  000? 

Holtedahl 

(1926) 

Downtonian  to 

Upper  Middle 

Devonian  (Fi>yn 
and  Ucint/.  1943). 

Pre-Dow  ntonian. 

Crystalline  schists,  amphib<5- 
lites,  and  granites. 

7 

7 
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Although  more  exact  data  are  desirable  time  did  not  permit  a  detailed 
study;  the  author  wishes  to  draw  attention  to  these  Spitsbergen 
breccias,  especially  to  a  sheet  at  the  base  of  the  Cyathophyllum  Lime¬ 
stones  which  may  have  had  a  former  extent  of  1 50  square  miles  before 
dissection. 

Very  little  concerning  the  breccias  has  been  published,  although 
Allan  (1942,  p.  44)  has  referred  to  the  largest  of  the  breccia  sheets 
and  has  suggested  two  modes  of  origin — brecciation  by  con\ersion  of 
limestone  to  dolomite,  or  brecciation  by  erosion  during  marine  trans¬ 
gression.  No  mention  is  made  of  breccias  in  Orvin's  excellent  summary 
of  the  geology  of  Spitsbergen,  although  he  refers  to  an  “  extensive 
conglomerate  below  the  Middle  and  Upper  Carboniferous  lime¬ 
stones  and  dolomites  ”  (Orvin,  1940,  p.  24)  at  thestratigraphical  horizon 
of  the  major  breccia  described  in  this  paper. 

II.  The  Breccias 

A.  The  Cyathophyllum  Limestones  Breccia 
( I )  General  Description 

In  the  base  of  the  Cyathophyllum  Limestones  a  sheet  of  coarse 
breccia  cKCurs  which  is  generally  restricted  to  one  bed  varying  in 
thickness  between  12  and  70  feet.  It  is  approximately  20  feet  thick 
over  a  wide  area  and  the  thicker  developments  are  invariably  in  the 
central  part  of  the  Lower  and  Middle  Carboniferous  basin  of  deposition. 
This  is  where  there  are  developments  of  thick  evaporites  in  the  series 
beneath.  Both  breccia  and  evaporites  thin  or  are  absent  towards  the 
margins  of  the  basin. 

The  present  distribution  shows  it  to  have  covered  an  area  of  between 
100  and  150  square  miles  in  a  continuous  sheet  before  erosion. 

The  blcK’ks  vary  in  size  from  over  4  feet  in  length  through  frag¬ 
ments  the  size  of  an  orange  to  a  smaller  proportion  of  fine-grained 
material  and  cement.  Frequently  the  blocks  are  orientated  at  random 
and  sometimes  parallel  with  the  bedding  of  the  overlying  massive  rocks. 
The  cementation  (calcium  carbonate)  has  been  sufficient  to  form 
prominent  rubbly  clilTs,  their  bases  littered  w  ith  slipped  blocks.  Slump 
structures  are  absent. 

Lithologically  the  typical  breccia  consists  of  over  90  per  cent  of 
angular  to  sub-rounded  blocks  of  grey  porcellanous  limestone  in  each 
case  identical  with  the  overlying  massive  rock.  Yellow,  sandy  lime¬ 
stone  and  crinoidal  limestone  fragments  are  sometimes  present  in 
subordinate  amounts  and  may  be  extraneous  material  derived  from  the 
lower  formation.  Yet  a  more  likely  explanation  is  that  thin  beds  of 
these  rocks  were  intercalated  with  the  porcellanous  limestone  and 
the  whole  brecciated  in  place  with  a  slight  shuffling  of  the  blocks. 


I 


Carboniferous  Breccias  of  Vestspitsbergen 


289 


As  the  Passage  Beds  are  intermediate  in 
lithology  between  the  limestone  facies  above 
and  the  evaporites  below,  it  is  difficult  to  prove 
this  important  point. 

The  lithology  of  the  Passage  Beds  varies 
considerably  between  the  central  and  marginal 
regions  of  the  basin.  As  the  formation  in  the 
central  area  is  more  thin-bedded  and  con¬ 
tains  more  evaporites,  there  may  be  some 
connection  between  these  features  and  the 
origin  of  the  overlying  breccia. 

The  breccia  sheet  appears  to  be  concordant 
with  both  the  overlying  and  underlying  rocks. 

No  clear  exposures  of  the  base  of  the  brec¬ 
cia  have  been  found  and  it  is  doubtful  if  any 
exist.  The  Lovehovden  and  Rudmosepynten 
localities  give  an  impression  that  it  might  be 
irregular  but  both  cases  are  inconclusive.  Dis¬ 
regarding  minor  irregularities,  the  lower  limit 
of  the  main  breccia  forms  a  remarkably 
plane-surface  used  as  a  “  marker-horizon  "  to 
define  the  boundary  between  the  Cyathophyllum 
Limestones  and  the  Passage  Beds. 


Text-fig.  1. — Diagrammatic  Section  to  illustrate 
the  Carboniferous  stratigraphy  of  Bille- 
fjorden,  length  approximately  1 5  miles. 

1.  Pre-Downtonian. 

2.  Devonian. 

3.  Culm  ;  eroded  in  the  margins 
and  with  overlap  against  fault  scarp  H. 

4.  Lower  Gypsiferous  Series,  with 
marginal  overlap  and  erosion,  a  lateral 
gradation  into  shale  and  sandy  limestone, 
and  an  upper  development  in  the  centre 
of  the  basin. 

5.  Pyramiden  Conglomerates,  a  local 
formation  with  unconformities  both  below 
and  on  top  (Lyulkevich,  1937),  is  con¬ 
sidered  to  grade  into  the  lower  part  of 
the  Passage  Beds. 

6.  Passage  Beds,  thin-bedded  and 
relatively  soft  in  the  centre,  and  thick- 
bedded  with  abundant  limestones  in  the 
margins. 

7.  Cyathophyllum  Limestones  with 
a  basal  breccia  restricted  to  the  centre 
of  the  basin  (indicated  by  crosses). 

B,  D,  and  H  are  faults  either  observed 
or  inferred  (McWhae,  1953). 
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The  upper  boundary  of  the  breccia  is  probably  irregular  in  four 
localities  while  it  is  certainly  irregular  in  two  localities,  especially 
in  the  C'ampbellryggen  South  section  (R),  where  the  junction  is  very 
serrated  with  downward  projections  of  massive  porcellanous  limestone 
approximately  5  feet  long. 

(2)  Detailed  Description 

The  main  features  of  the  breccia  and  associated  rocks  are  given 
in  Table  2  and  in  the  following  qualifying  remarks: — 

In  Lovehovden  E  landslides  and  scree  confuse  the  boundaries, 
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but  distant  observations  suggest  that  both  are  irregular.  Blocks  of 
yellow  calcareous  sandstone  with  crinoid  stems  occur  in  the  lower  part 
of  the  breccia;  a  little  higher  identical  blocks  have  an  en  echelon 
arrangement,  while  a  few  feet  higher  and  a  little  to  the  east  is  a  bed 
of  this  rock  exposed  for  12  feet.  Therefore  these  blocks  which  appear 
to  be  extraneous  material  probably  result  from  the  fracturing  of  a  thin 
sandstone  bed  intercalated  with  porcellanous  limestones. 

In  the  Wordiekammen  North  section  H,  some  4-ft.  blocks  of 
porcellanous  limestone  occur  with  subordinate  sandstones.  It  is  not 
known  w  hether  the  sandstone  results  from  brecciation  in  situ  of  a  thin 
bed  of  this  type,  or  whether  it  was  derived  from  the  lower  formation. 
A  second  limestone  conglomerate  or  breccia  10  feet  thick  crops  out 
60  feet  above  the  main  sheet.  Details  are  not  available. 

The  breccia  of  the  Campbellryggen  South  section  P  contains  small 
patches  of  a  type  of  red  chalcedony  and  some  fragments  of  limestones 
with  echinoid  spines  amongst  the  porcellanous  limestone  blocks. 

The  Norstromfjellet  section  N  is  of  particular  interest  being  an 
intermediate  case  where  the  evaporites  have  thinned  considerably  by 
erosion  and  overlap,  and  the  breccias  arc  not  typical  but  seem  to  be 
examples  of  fracturing  in  situ  w  ithout  appreciable  differential  movement 
between  blocks.  The  section  from  the  base  of  the  Cyathophyllum 
Limestones  upwards  is  as  follows:  33  feet  of  rubbly  limestone,  6  feet 
of  fractured  bedded  limestones,  and  8  feet  of  rubbly  limestones  with 
various  unfractured  limestones  continuing  upwards.  The  unfractured 
limestones  include  a  3-ft.  bed  of  yellow-sandy  limestone  and  a  lO-ft. 
bed  of  crinoidal  limestone  36  feet  above  the  upper  rubbly  limestone, 
which  are  lithological  types  similar  to  the  possible  extraneous  frag¬ 
ments  of  the  breccia  in  other  localities. 

The  C  heopsfjellet  section  A  is  in  the  vicinity  of  a  major  fault  and 
correlation  is  uncertain.  A  20-ft.  bed  of  breccia  occurs  in  the  section 
but  l(X)  feet  below  the  base  of  the  prominent  limestones,  so  it  is 
considered  to  be  in  the  Passage  Beds. 

The  section  at  Rudmosepynten  O  is  disturbed,  as  it  is  close  to 
a  small  fault.  The  breccia  reaches  its  maximum  thickness  of  70  feet 
in  a  small  knoll  called  Fortet  in  this  locality  and  it  contains  subordinate 
yellow  sandy  limestone  fragments  of  uncertain  origin.  Photographs 
show  the  nature  of  the  breccia  both  at  the  top  and  bottom  of  the  sheet 
(see  Plate  XI,  figs.  1  and  2  respectively). 

B.  The  Ferrierfjellet  Breccia 

The  Breccia  is  30  feet  thick  and  appears  to  be  bounded  by  regular 
bedding  planes  at  both  upper  and  lower  margins.  The  lateral  extent 
is  not  known  but  it  is  probably  of  no  great  area,  as  it  has  not  been 
found  in  adjoining  nunataks. 


Text-ho.  2.— Map  showing  the  location  of  the  vertical  sections  referred  to 
in  Table  2.  Details  of  sections  (Q  to  (N)  are  in  Gee,  Harland,  and 
MeWhae,  1952,  and  of  A  to  X  in  Forbes  and  Mc\^ae  MS. 
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The  rock  consists  of  sharply  angular,  light-coloured,  porcellanous 
limestone  fragments  var>ing  in  size  from  6  to  20  mm.  Usually  the 
fragments  are  approximately  10  mm.  in  diameter.  The  interstices 
between  the  fragments  are  filled  by  granular  crystalline  calcite,  so 
that  the  resulting  rock,  although  hard  and  well  cemented  is  very  porous 
and  is  broken  down  rapidly  by  spheroidal  weathering. 

Evaporites  are  absent  below  the  breccia  as  the  Lower  Gypsiferous 
Series  cuts  out  by  erosion  and  overlap  a  mile  to  the  west,  and  the 
Passage  Beds  consist  entirely  of  clastic  rocks  in  the  marginal  areas. 

Although  the  breccia  crops  out  at  approximately  the  same  strati- 
graphical  horizon  as  the  major  sheet  described  above,  it  is  a  distinct 
type  and  probably  has  a  different  origin. 

C.  The  Ragnarbreen  Breccia 

The  breccia  forms  a  prominent  group  of  beds  dipping  1-3  degrees 
S.W.,  high  up  on  either  side  of  Ragnarbreen.  Pukkelkammen  (N.W. 
side)  shows  three  beds  with  an  aggregate  thickness  of  80-100  feet,  the 
lowest  being  50  60  feet  thick.  It  occurs  in  the  top  of  the  Lower  Gypsi¬ 
ferous  Series  (and  may  occur  in  the  basal  Passage  Beds  on  the  north 
side  of  the  glacier),  and  must  have  exceeded  4  square  miles  before 
dissection. 

The  breccia  is  composed  of  various  angular  fragments  of  lime¬ 
stone  typical  of  the  more  resistant  rocks  in  the  upper  part  of  the 
Lower  Gypsiferous  Series  and  basal  Passage  Beds.  The  fragments  are 
8  inches  or  less  in  diameter  and  are  firmly  cemented.  Slump  structures 
were  not  found. 

Although  following  bedding  planes  for  some  distances  the  breccia 
is  not  entirely  concordant  but  is  developed  at  approximately  the  same 
horizon  as  the  Pyramiden  Conglomerates.  This  was  also  the  time  of 
major  marine  transgression  forming  the  Passage  Beds  and  Cyatho- 
phyllum  limestones. 

Much  of  the  breccia  is  developed  over  a  step  in  the  pre-Downtonian 
basement  considered  to  be  an  earlier  fault  scarp  (MeWhae,  1953). 
Culm  and  Lower  Gypsiferous  Series  thin  above  this  feature  and  slump 
structures  in  the  Culm  indicate  an  initial  dip  from  the  step. 

The  breccia  terminates  abruptly  in  the  snow  col  between  Pukkel¬ 
kammen  and  Hultbuget.  Other  beds  continue  across  without  disloca¬ 
tion.  Disturbed  evaporite  beds  which  crop  out  in  Hultbergct  appear 
to  be  due  to  a  bedding  thrust  in  incompetent  and  possibly  uncon¬ 
solidated  evaporites.  The  cause  is  uncertain  but  the  impact  of  a  moving 
breccia  sheet  with  such  soft  sediments  could  produce  this  structure. 

D.  The  Forte  t  Breccia 

A  thick  but  laterally  restricted  breccia  occurs  in  the  Passage  Beds 
approximately  160  feet  below  the  base  of  the  Cyathophyllum  Lime- 
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stones.  It  is  190  feet  thick,  has  a  lateral  extent  of  400  feet,  and  is 
situated  largely  on  the  western  and  downthrow  side  of  a  small  fault 
with  a  displacement  of  approximately  200  feet.  The  fault  changes 
into  a  sharp  flexure  in  the  overlying  competent  Cyathophyllum  Lime¬ 
stones.  In  the  lower  part  of  the  breccia  a  coarse  bedding  is  seen  dipping 
at  35  degrees  towards  the  north-west. 

Lithologically  the  breccia  is  characterized  by  sub-rounded  blocks 
of  gypsiferous  and  bituminous  limestones  with  porcellanous  lime¬ 
stones  abundant  in  the  upper  part.  The  grade  of  the  rock  varies  from 
blocks  3  feet  in  diameter  down  to  the  finest  dust  and  cementation  is 
only  partial,  so  that  the  breccia  is  less  resistant  to  erosion  than  other 
types.  An  approximate  estimate  of  the  proportion  of  each  grade  is: 
greater  than  6  inches  10-15  per  cent;  between  6  and  i  inch  50-60 
per  cent;  less  than  ^  inch  and  mainly  silt  25  -40  per  cent. 

E.  The  Passage  Beds  Breccias 

A  number  of  thin  beds  of  very  angular  gritty  breccias  composed  of 
fractured  limestone  and  quartz  pebbles  occur  throughout  the  Passage 
Beds.  It  is  suggested  that  these  rocks  were  porous  grits  fractured  by 
freeze  and  thaw  action  in  the  Pleistocenc/Rccent  times. 

III.  Hypothe.ses  of  Breccia  Formation 

Some  of  the  main  hypotheses  of  breccia  formation  have  been 
studied  in  order  to  interpret  the  genesis  of  the  Billefjorden  breccias 
by  a  “  multiple  hypothesis  "  treatment. 

The  following  hypotheses  do  not  seem  applicable  because  they  are 
not  consistent  with  the  field  evidence: — 

(a)  Rapid  deposition  of  coarse  clastic  sediments  (Harrison  and 
Falcon,  1938,  and  Joyce,  1950). 

(h)  Brecciation  by  slumping. 

(c)  Brecciation  by  sub-surface  gravitational  sliding  (Baldry,  1938, 
and  Barrington  Brown,  1938). 

id)  Tectonic  brecciation,  sliding  along  incompetent  beds  during 
folding  (Arkell,  1947,  p.  243). 

The  following  hypotheses  do  not  seem  applicable  because  they  are 
not  consistent  with  the  laboratory  tests : — 

((')  Brecciation  by  Dolomiti/ation  of  Limestone. 

This  hypothesis  was  tested  as  it  had  been  suggested  by  Allan  (see 
p.  288)  in  connection  with  the  Spitsbergen  breccias.  The  silver  chromate 
test  (Holmes,  1930,  pp.  266-7)  was  carried  out  on  both  the  lime¬ 
stone  debris  and  the  overlying  massive  rock;  four  samples  from 
different  localities  were  tested.  Both  the  Black  Crag  and  the  breccia 
blocks  arc  almost  pure  porcellanous  limestones  with  more  than 
95  per  cent  calcite.  Thin  sections  showed  that  the  Black  Crag  contained 
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a  box-work  of  minute  veinlcts  containing  secondary  calcite.  Although 
these  tests  definitely  indicate  that  dolomitization  is  negligible,  there 
were  insufficient  samples  available  for  testing. 

(/)  Brecciation  by  expansion  of  anhydrite  in  hydration  to  gypsum 
(Kramm,  1913,  p.  364;  L'dden,  1924,  p.  342;  Mickling  and 
Holmes,  1931,  p.  254;  Hollingworth,  1938,  p.  332,  etc.). 

Some  writers,  including  the  present  author,  believe  that  the  permea¬ 
bility  of  the  associated  beds  is  of  vital  importance,  as  there  seems  to  be 
no  reason  for  a  volume  increase  to  cause  brecciation,  if  excess  calcium 
sulphate  can  escape  in  solution  during  the  hydration  process. 

I’ctrological  studies  conducted  on  the  calcium  sulphate  rrK'ks  of 
Billefjordcn  showed  very  little  signs  of  expansion.  In  several  thin 
sections  corroded  relics  of  anhydrite  showed  optical  continuity  with 
surrounding  gypsum,  and  I*.  V.  Hutchins  observed  pseudomorphs 
of  gypsum  after  anhydrite,  both  suggesting  replacement  w  ithout  volume 
increase. 

Although  there  are  many  records  of  calcium  sulphate  deposits 
changing  from  one  form  to  the  other  (Rogers,  1912,  pp.  187  and  188; 
Kramm,  1913,  p.  125;  Udden,  1924,  p.  349;  Lees,  1931,  p.  278; 
Posnjak,  1940),  the  alternating  nature  of  the  Billefjorden  evaporites 
suggests  that  they  are  primary  deposits  with  slight  subsequent  altera¬ 
tions  (Forbes  and  MeWhae  MS.).  The  thickest  development  of 
evaporites  is  in  the  hillside  south  of  Ragnarbreen's  nose.  It  comprises 
recurring  beds  of  white  and  pink  gypsum,  light  bluish-grey  anhydrite, 
bitumint)us  limestone,  and  dolomite,  fossiliferous  limestone,  with 
subordinate  sandstone  and  carbonaceous  shales.  The  limestones 
become  more  abundant,  thicker  and  more  fossiliferous  towards  the 
top.  The  total  thickness  is  750  feet  and  approximately  50  per  cent  of 
the  succession  is  gypsum  and  less  than  10  per  cent  anhydrite.  If, 
however,  conversions  have  occurred  in  these  calcium  sulphate  deposits 
breccias  should  be  expected  interbedded  r)r  immediately  overlying 
the  evaporite.  This  is  not  the  case  except  for  the  Ragnarbreen  breccia 
which  is  small  in  area  and  restricted  to  the  margin  of  the  basin  where 
the  evaporites  ere  thin.  The  extensive  C'yathophyllum  Limestone 
breccia  is  several  hundred  to  a  thousand  feet  above  the  evaporites. 

The  writer  concludes  that  in  this  case  there  was  more  likely  t<> 
have  been  a  net  reduction  in  volume  of  the  deposits  by  solution  rather 
than  an  increase  due  to  hydration. 

The  following  hypotheses  of  breccia  formation  seem  to  be  partially 
or  wholly  applicable  in  the  case  of  the  Billefjordcn  breccias. 

(g)  Solution  of  soluble  rocks  and  gravity  collapse  of  the  over¬ 
lying  beds. 

Extensive  areas  of  coarse  breccia  overlying  gypsum  and  salt  deposits 
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may  be  produced  by  this  weathering  process,  especially  where  the 
formations  are  low-dipping.  Angular,  coarse,  and  random  orientated 
blocks  of  intraformational  type  would  be  formed  by  this  method  while 
the  breccia  would  be  restricted  to  one  bed  or  a  series  of  beds  having 
very  irregular  boundaries. 

According  to  Mr.  N.  L.  Falcon  (personal  communication)  “  there 
are  quite  extensive  amounts  of  Zechstein  dolomite  breccias  on  the  west 
side  of  the  Hartz  Mountains  which  are  attributed  by  the  Germans  to 
the  solution  of  underlying  gypsum  The  initial  area  of  the  Hartz 
Mountains  breccias  appears  to  have  been  almost  as  great  as  the 
Cyathophyllum  Limestones  breccia  of  Billefjorden.  Other  physical 
conditions  of  the  two  breccias  are  similar. 

The  process  may  have  operated  on  a  smaller  scale  to  form  the 
Terrierfjellet  breccia. 

(ft)  Fault  brecciation. 

Faulting  in  competent  rocks  produces  a  narrow  zone  of  breccia 
parallel  with  the  fault.  Incompetent  formations,  however,  especially 
relatively  thin-bedded  clastic  sediments  alternating  with  gypsum 
beds,  should  provide  the  optimum  conditions  for  brecciation  over  a 
wide  zone.  The  Fortet  breccia  may  be  a  fault  breccia  of  unusual 
width  owing  to  the  incompetency  of  the  Passage  Beds.  Similar  zones 
of  crumpled,  fractured,  and  brecciated  evaporites  and  thin  limestones 
are  associated  with  gravity  faults  in  the  Anservika  area.  In  the  absence 
of  further  evidence  Harland  suggests  that  thrust  movement  crumpling 
the  evaporite  beds  may  have  taken  place  in  the  Ragnarbreen  breccia. 

IV.  Conclusions 

Further  field  work  is  required  to  confirm  the  following  tentative 
genetic  conclusions. 

A.  The  widespread  Cyathophyllum  Limestones  Breccia  appears  to 
have  originated  by  the  solution  of  evaporites  and  collapse  of  the  over- 
lying  brittle  porcellanous  limestones.  It  is  difficult  to  state  the  exact 
time  of  brecciation,  except  that  it  was  prior  to  the  latest  tectonic  period 
which  is  considered  to  be  Tertiary  in  age  (Orvin,  1940).  Possibly 
the  solution  occurred  during  the  several  short  hiatuses  in  Upper 
Carboniferous  sedimentation  or  during  the  terrestrial  period  at  the 
end  of  the  Permian.  There  appear  to  be  two  places  where  solution 
could  have  occurred.  The  writer  prefers  the  second  hypothesis. 

(1)  A  soluble  rock,  gypsum  or  salt,  occurred  immediately  below 
the  base  of  the  Cyathophyllum  Limestones.  It  was  dissolved  and  the 
limestone  fractured,  collapsed,  and  the  resulting  breccia  filled  the  void. 
No  soluble  rocks  have  been  found  immediately  below  the  main  breccia. 

(2)  The  Passage  Beds  of  the  central  part  of  the  basin  are  char¬ 
acteristically  thui-bedded,  relatively  permeable,  incompetent,  poorly 
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exposed,  and  contain  10-25  per  cent  gypsum,  while  in  the  marginal 
regions  they  are  thicker-bedded,  more  competent  and  contain  little  or 
no  gypsum.  The  Lower  Gypsiferous  Series  on  the  other  hand  is  a 
resistant,  clilT-forming  facies.  The  latter  may  have  remained  beneath 
the  water  table  but  a  more  reasonable  explanation  for  its  preservation 
is  that  it  is  relatively  impermeable.  So  it  is  postulated  that  solution 
of  the  Passage  Beds  evaporites  in  the  central  part  of  the  basin  caused 
a  gradual  and  widespread  subsidence  greatest  in  the  centre  of  the  basin 
where  there  was  more  gypsum  initially.  This  would  affect  the  formation 
as  a  whole  so  that  the  overlying  massive  but  brittle  limestones  would 
become  inadequately  supported  and  the  basal  porcellanous  lime¬ 
stones,  with  subordinate  intercalated  rocks,  would  fracture  and  collapse 
to  produce  a  breccia  thickest  in  the  centre  of  the  basin. 

B.  The  Terrierfjellet  Breccia,  may  be  due  to  leaching  of  a  soluble 
mineral,  such  as  gypsum,  associated  with  the  rock  initially. 

C.  From  data  clearly  inadequate,  the  Ragnarhreen  Breccia  does 
not  appear  to  conform  to  any  of  the  common  types  described  in  the 
literature. 

D.  The  Fortet  Breccia  is  considered  to  be  an  unusually  thick  fault 
breccia  owing  to  the  remarkable  incompetency  of  the  Passage  Beds. 

E.  The  Passage  Beds  Breccias  may  be  due  to  permofrost  changes 
in  Pleistocene  to  Recent  times. 

It  seems  certain  that  whatever  explanations  may  be  accepted  for 
any  of  these  breccias  they  will  not  include  deposition  reflecting  con¬ 
temporaneous  instability.  This  is  the  main  negative  stratigraphical 
conclusion. 
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SEIXiWKK  Mi'SECM. 

C\M»RID(iE. 

EXPLANATION  OF  PLATE  XI 

The  Cyathophyllum  Limestones  Breccia  seen  in-the  clilfs  at  Fortet.  Figure  1 
shows  the  top  of  the  knoll  known  as  Fortet  exposing  the  upper 
part  of  the  breccias  just  below  the  thick  bedded  porcellanous 
limestones.  Figure  2  shows  the  lower  part  of  th<,  breccias  at  the  base 
of  the  Cyathophyllum  Limestones  (photographs  by  O.  P.  Singleton). 
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CORRESPONDENCE 


GRAVITY  MEASUREMENTS  OVER  THE  NORTHERN  PENNINES 


Sir, — May  I  reinforce  Professor  Holmes’s  arguments  (Geo/.  Mag.,  \c.  221-2) 
for  a  pre-Carboniferous  age  for  the  “  VVeardale  Granite  "  ?  The  Polygenetic 
Conglomerate  in  Limekiln  Beck  at  the  northern  extremity  of  the  Cross  I  ell 
Inlier  is  crowded  with  large  boulders  of  granitic  rock,  so  rotten  that  it  is  all 
but  impossible  to  extract  them.  It  seems  to  me  very  likely  that  these  have 
been  derived  directly  from  the  **  Weardale  Granite”. 


GLOMXiY  DiPARTMf  NT, 

Lmvi  rsity  of  Lflds. 
4ih  June,  1953. 


J.  SeLWYN  TURNtR. 


Sirs, — The  two  complementary  papers  in  your  April- May,  1953,  issue,  on 
gravity  measurements  over  the  Alston  Block,  are  of  great  interest.  l  ew  will 
quarrel  with  the  main  inference  that  the  pronounced  gravity  "  low  "  is  due 
to  an  acid  igneous  intrusion. 

In  itself  the  anomaly  affords  no  evidence  of  the  age  of  the  intrusion.  It 
is  not  unreasonable  to  suggest  that  it  may  be  linked  with  the  Alston  Block 
mineralization.  Nevertheless  one  is  warned  to  be  cautious  by  Rastall’s 
suggestion  that  this  mineralization  is  connected  with  the  intrusion  of  the  Whin 
Sill — a  proposition  that  is  demonstrably  incorrect.  There  has  been,  indeed, 
much  speculation,  and  in  this  connection  a  quotation  in  Hospers  and  \N  il- 
more’s  paper  from  Wells  and  Kirkaldy’s  Outline  of  Historical  (ivology  (I94S) 
cannot  be  allowed  to  remain  unchallenged.  It  reads  as  follows: — 

“  As  the  lodes  of  the  Alston  Block  cut  the  Carboniferous,  chiefly  Yore- 
dale,  rocks  and  as  many  of  the  ore  minerals  occur  as  detrital  grains  in  the 
basal  Permian  sediments,  the  hidden  parent  granite  and  the  lodes  must  be 
Armorican.” 

Now  the  basal  Permian  sediments  adjoin  both  the  eastern  and  the  western 
margins  of  the  Alston  Block  ;  but  to  the  west,  in  Edenside,  the  basal  Penrith 
Sandstone  and  its  Brockrams  yield  little  or  no  evidence  that  is  critical,  since 
the  included  pebbles  indicate  derivation  from  three  difl'erent  sources,  the 
Lake  District,  the  Alston  Block,  and  the  Howgill  I  ells.  Thus  the  only  recorded 
occurrence  of  detrital  fluorite,  from  the  Penrith  Sandstone  of  Beulah  Beck, 
docs  not  afford  evidence  of  derivation  from  the  mineral  veins  of  the  Alston 
Block ;  it  occurs,  significantly,  not  far  from  the  outcrop  of  the  Shap  Ciranitc 
of  the  Lake  District  and  this  granite  and  its  associated  mineralization  (which 
includes  fluorite)  is  of  prc-C'arboniferous  age. 

To  the  east  the  basal  Yellow  Sands  of  the  Permian  flank,  in  Counts  Durham, 
the  full  eastern  margin  of  the  Alston  Block.  If  fluorite  or  barium  minerals, 
or  the  sulphide  ores  of  zinc,  lead,  or  copper  were  found  in  these  basal  Permians 
as  detritals,  then  the  (K'currences  would  afford  evidence  in  favour  of  an 
Armorican  age  for  the  Alston  Block  mineralization;  but  this  is  not  the  case. 
On  the  contrary,  the  detrital  heavy  minerals  of  the  Yellow  Sand')  of  County 
Durham  were  found  by  Hodge  to  contain  none  of  these  ores,  not  even  the 
ubiquitous  detrital  barite,  although  pebbles  of  Carboniferous  limcstone-with- 
chert  showed  that  rocks  as  low  as  the  Yoredales  had  been  exposed  to 
denudation. 

As,  however,  the  minerals  fluorite,  barite,  galena,  and  sphalerite  occur, 
albeit  somewhat  sparingly,  in  vugs,  as  vcinlets  and  lining  Joints  in  the  Magne¬ 
sian  Limestone,  the  reasonable  inference  is  that  the  mineralization  commenced 
in  post-Permian  times. 

Supporting  evidence  is  afforded  by  strong  barium  chloride  solutions,  first 
described  by  Mr.  W.  Anderson  and  existing  in  quantity  at  depths  below 
1,000  feet  B.O.D.  in  parts  of  the  Durham  coalfield,  which  in  places  react 
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with  ground  waters  to  deposit  barium  minerals— surely  the  end  phase  of  the 
Alston  Block  mineralization. 

If  we  were  to  link  the  inferred  acid  igneous  intrusion  with  the  mineraliza¬ 
tion  then  the  relative  paucity  of  the  ore  occurrences  in  the  Magnesian  Lime¬ 
stone  would  be  explained  by  the  situation  of  the  outcrop  of  that  formation 
well  outside  and  to  the  east  of  the  pronounced  gravity  “  low 


13  Sandii-HIOH  Avenuf., 
Didsbury, 
Manchester,  20. 

8th  June,  1953. 


F.  M.  Trotter. 
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The  Dynamics  of  Faulting  and  Dyke  Formation  with  Applications 
TO  Britain.  By  E.  M.  Anderson.  Second  edition  revised.  Pp.  x  •  206, 
with  39  Text-figs.  Oliver  and  Boyd,  Edinburgh,  1951.  Price  22.v.  6i7. 

Structural  GFX)LrxiY.  By  M.  P.  Billings.  Eighth  printing.  Pp.  xi  473, 
with  336  figs,  (including  several  exercises  to  be  torn  out),  and  19  half¬ 
tone  plates.  Sir  Isaac  Pitman  and  Sons,  Ltd.,  London  (Prentice  Hall 
Inc.,  New  York),  1952.  Price  50.v. 

Outlines  of  Structural  Geolociy.  By  E.  Shfrbon  Hills.  Third  edition 
revised.  Pp.  xi  182,  with  107  text-figs,  and  4  half-tone  plates.  Methuen 
and  Co.,  Ltd.  Price  12.r.  6</. 

Structural  and  Field  GEOi.rxiY.  By  James  Gfikie.  Sixth  edition  revised 
(as  was  the  fifth)  by  R.  Campbell  and  R.  Craig.  Pp.  xxiv  •  397,  with 
148  text-figs,  and  69  half-tone  or  coloured  plates.  Oliver  and  Boyd, 
Edinburgh.  Price  37i-.  6r/. 

Four  well-known  works  have  all  recently  reappeared  in  new  dress,  and  to 
anticipate  this  review  all  four  are  welcomed  and  deserxe  to  continue  in  some 
form  or  other. 

The  third  edition  of  Outlines  of  Structural  Geology  (first  published  in  1940) 
has  been  revised  throughout  both  text  and  figures,  and  many  later  references 
have  been  added.  The  value  of  this  work  still  lies  in  its  concise  treatment  of 
essentials.  An  extensive  review  of  recent  literature  has  been  made  and  this 
can  readily  be  followed  through  the  generous  footnotes.  This  tends  to  give 
the  impression  that  the  work  has  b^n  compiled  from  books  rather  than 
rocks.  It  is  most  evident  in  the  only  chapter  which  has  been  fundamentally 
expanded.  In  treating  “  Major  Crustal  Structures”  Hills  collects  some  of 
the  fashionable  theories  without  much  critical  analysis.  His  stimulating  treat¬ 
ment  of  tectonic  patterns  suffers  from  a  confusion  of  structures  known  in 
detail  with  structural  interpretations  popularized  in  diagrams.  Incidentally 
he  favours  the  tetrahedral  hypothesis  as  a  starting-point.  At  the  other  end 
of  the  scale  one  might  hope  that  another  edition  would  balance  the  chapter 
on  petrofabric  analysis  by  one  on  the  similar  analysis  of  the  orientation  of 
structures  observed  in  the  field.  These  comments  are  only  prompted  by  the 
very  high  standard  which  the  work  as  a  whole  maintains.  It  is  assured  of 
continued  popularity. 

“  Structural  Geology,”  which  has  changed  its  colour  with  successive 
impressions,  is  once  more  reprinted  with  no  other  obvious  difference  than  a 
new  title  page  bearing  the  name  of  a  London  publisher.  The  quality  of  paper 
again  hardly  does  justice  to  the  half-tone  illustrations  but  this  is  preferable  to 
filling  the  whole  book  with  kaolin.  That  the  original  1942  version  still  stands 
as  one  of  the  leading  textbooks  in  this  competitive  field  is  a  tribute  to  the 
clarity  of  exposition  and  drawing.  Billings’s  treatment  is  altogether  more 
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extensive  than  Hills’s,  weighing  three  and  costing  four  times  as  much.  The 
chief  advantage  of  this  lies  in  the  greater  wealth  of  example  and  illustration. 
It  is  a  doubtful  advantage  to  have  superficial  extensions  into  surrounding 
subjects  (atoms  are  defined  on  the  one  hand  and  geophysical  methods  of 
exploration  on  the  other).  The  work  is  also  extended  by  explaining  more 
jargon  at  greater  length  and  the  exercises  at  the  end  could  w-ell  be  omitted 
as  most  teachers  will  have  their  own  ideas  or  requirements  in  this  connection. 
The  book  is  obviously  designed  to  meet  particular  college  circumstances  in 
America,  but  it  will  continue  to  be  used  generally  as  a  work  of  reference  and 
as  might  be  expected  the  chapters  on  plutons  and  granites  are  authoritative. 

It  is  refreshing  now  to  turn  to  the  older  Structural  ami  Field  Geology  (first 
published  in  1905).  It  has  its  own  rugged  style  and  content,  being  neither 
filleted  of  fact  nor  fattened  with  fiction.  Not  being  streamlined  to  the 
fashionable  geometrical  topics  there  is  room  here  for  many  interesting 
things  about  rocks,  and  because  of  this  it  can  be  recommended  to  the  general 
reader  and  to  the  naturalist  who  wants  to  know  more  about  what  he  finds 
in  the  field.  Structural  geology  is  taken  in  its  older  and  wider  sense  and  there¬ 
fore  much  space  is  devoted  to  minerals  and  rocks,  and  the  chemical  as  well 
as  mechanical  changes  in  rocks.  Concretions  and  secretions,  metamorphism 
and  ore  formations  are  treated  in  some  detail  and  there  is  much  practical 
writing  on  geological  surveying.  The  adequate,  but  unattractive  text-figures 
are  more  than  compensated  for  by  the  excellence  of  the  many  half-tone 
plates.  In  this  new  edition  few  changes  have  been  made  and  these  mainly 
improve  the  illustrations. 

The  Dynamics  of  Faulting,  first  published  in  1942,  is  now  revised  in 
several  places  with  an  increase  of  fifteen  pages.  Few  changes  are  made  in  the 
fundamental  theory,  a  substantial  part  of  which  was  put  forward  by  the 
author  in  1905.  Most  of  the  theory  is  unassailable  but  its  application  arouses 
controversy.  For  instance,  some  would  feel  that  Anderson  too  readily  assumes 
a  vertical  principal  stress.  From  this  follows  a  temptation  to  interpret  high 
angle  faults  as  strike  slip  or  “  wrench  ”  faults  (“  transcurrent  ”  faults  in  the 
first  edition)  instead  of  high  angle  thrusts  or  gravity  faults.  There  is  no  real 
alternative  here  but  to  argue  each  fault  on  its  merits.  It  is  in  this  connection 
that  Anderson  has  made  substantial  original  contributions  in  detailed 
application  as  well  as  in  theory.  By  this  and  by  the  many  stimulating  sugges¬ 
tions  thrown  out  in  the  course  of  a  somewhat  rambling  book  Anderson  is  to 
be  judged  as  an  originator  rather  than  a  retailer  of  ideas.  By  this  standard 
the  work  will  remain  a  landmark  in  structural  geology  even  when  much  has 
been  superseded.  As  an  illustration  of  the  fertile  mind  at  work  there  is  a  some¬ 
what  casual  paragraph  on  the  identity  of  seismological  and  geological  layers 
which  anticipated  by  some  ten  years  speculations  in  another  paper  in  this 
issue. 

W.  B.  H. 


Principles  of  Invertebrate  Palaeontology,  By  R.  R.  Schrock  and 
W,  H.  Tvvenhofel.  New  se.:»nd  edition.  Pp.  xx  r  816.  McGraw  Hill, 
1953.  Piice  $12  (1025.). 

This  textbook  in  its  enlarged  and  improved  second  edition  has  now  become 
very  expensive.  The  authors’  laudable  purpose  of  explaining  fossils  in  terms 
of  the  relation  between  skeletal  and  soft  parts  of  living  organisms  has  led 
to  the  inclusion  of  a  great  deal  of  purely  zoological  material  which  could  be 
obtained  elsewhere.  It  is  admittedly  well  stated  and  illustrated  and  there  are 
some  good  figures  of  stages  in  ontogeny.  Short  chapters  are  even  given  to 
Ctenophores  and  non-Annelid  worms  “  in  case  there  may  be  fossils  of  these 
groups  which  have  been  overlooked  The  whole  allotment  of  space  appears 
to  be  governed  by  the  present-day  distribution  of  animals  rather  than  by 
the  occurrence  and  importance  of  fossil  forms.  Rugose  corals  (fifteen  pages, 
mostly  terminology),  Ammonoids  (seven  pages),  and  Rudists  (with  only 
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one  small  figure)  seem  to  be  among  the  chief  victims.  On  the  other  side,  non¬ 
fossil  bryozoa,  cestode  and  other  worms,  annotated  lists  of  all  living  orders 
of  Arachnids  and  Insects,  all  take  several  pages. 

In  each  chapter  after  a  very  full  zoological  description,  much  space  is  given 
to  terminology;  some  genera  are  referred  to  and  some  of  these  illustrated, 
but  they  are  nowhere  described.  There  seems  to  be  a  policy  of  covering  all 
the  possibilities  in  a  general  way  without  ever  focussing  the  student's  attention 
on  the  detailed  observation  of  fossils  as  they  occur  in  rocks.  Perhaps  this  is 
only  possible  when  discussion  is  limited  to  the  fossils  found  in  a  relatively  small 
part  of  a  continent. 

Ecology  is  discussed  generally  in  a  paragraph  in  each  chapter,  and  many 
interesting  points  are  raised,  but  there  is  little  mention  of  specific  cases  to 
illustrate  the  kind  of  argument  which  is  necessary.  The  introductory  chapter 
on  general  principles  is  very  short  and  relatively  unchanged  except  for  the 
addition  of  a  useful  reference  list,  as  is  now  provided  in  all  chapters.  These 
references  are  up-to-date,  are  drawn  from  all  sources  and  form  a  valuable 
part  of  the  whole  work. 

There  are  a  few  errors  such  as  the  transposed  legend  between  Area  and 
Nucuia  in  figs.  10-27,  p.  387,  and  the  numbering  of  depths  in  an  Ammonoid 
ecology  diagram,  fig.  10-85,  p.  489.  Three  of  the  types  of  gastropod  radula 
on  figs.  10-36,  p.  405,  and  10-3,  p.  356,  are  mis-spelt,  but  are  correct  elsewhere. 

The  whole  fjook  achieves  its  object  and  is  a  useful  teaching  reference; 
it  is  not,  however,  what  is  generally  understood  by  an  elementary 
palaeontology  textbook  in  this  country,  because  of  its  almost  complete 
avoidance  of  any  detail  about  individual  fossils.  This  perhaps  represents  an 
international  divergence  of  opinion  on  teaching. 

N.  F.  H. 


The  World's  Oilfiei  ds:  The  Eastern  Hemisphere.  Edited  by  Professor 
V.  C.  Illing.  [The  Science  of  Petroleum,  volume  vi,  part  I.)  Oxford 
University  Press,  1953.  pp.  vi  -j  174.  (II  in.  x  8  in.)  525.  (hI. 

The  Science  of  Petroleum  was  published  before  the  war  in  four  volumes, 
together  costing  £20.  This  work  was  therefore  not  readily  available  outside 
the  larger  libraries  and  institutions  and  the  material  of  geological  interest 
occupied  only  about  half  of  the  800  pages  in  vol.  i.  This  half  contained 
sections  on  the  origin,  migration,  natural  accumulation,  and  exploration 
methods  as  well  as  a  large  section  on  the  distribution  of  petroleum.  It  is  part 
of  this  section  on  the  distribution  of  petroleum  which  has  been  considerably 
expanded  and  revised  in  the  present  work.  The  style  and  arrangement  is 
the  same  but  the  material  is  in  most  cases  substantially  new  and  the  authorship 
different. 

Each  of  the  four  sections  in  this  work  on  Europe  (66  pp.),  the  Middle 
East  (36  pp.),  the  Far  East,  and  Australasia  (91  pp.),  and  Africa  (75  pp.) 
begins  with  a  survey  of  the  whole  region  by  a  leading  authority.  This  is 
followed  by  a  series  of  articles  on  each  of  the  constituent  oil-producing 
countries  or  areas.  Altogether  there  are  thirty^two  articles,  each  self-contained 
and  by  different  authors.  The  order  of  treatment  varies  from  place  to  place, 
but  in  each  there  is  a  stratigraphical  summary  and  an  outline  of  the  structural 
conditions  in  the  principal  oil-fields  followed  by  a  summary  of  production 
and  prospects.  The  articles  are  short  and  can  give  little  detailed  information 
but  they  are  authoritative  summaries  often  by  geologists  of  the  oil  companies 
concerned  and  are  each  supported  by  brief  lists  of  key  references.  The  whole 
is  indexed  with  about  lO.OfK)  entries  and  amply  illustrated  by  diagrammatic 
maps  and  scale  sections. 

This  is  a  useful  work  and  will  be  welcomed  by  many  geologists  who  will 
look  forward  to  the  complementary  volume  on  the  western  hemisphere. 

W.  B.  H. 
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iNVLRTtBRATF,  FossiLS.  By  R.  C.  Mcx)RE.  C.  G.  Lai.ickfr,  and  A.  G.  Fischfr. 

Pp.  xiii  -  766.  McGraw  Hill.  1952.  Price  SI2  (lOlv.). 

This  is  a  standard  palaeontology  textbook  on  an  elaborate  scale  and 
consequently  very  highly  priced.  The  authors  claim  that  it  is  suitable  both  for 
introductory  and  for  later  courses,  being  so  used  presumably  in  the  University 
of  Kansas. 

The  common  practice  of  describing  in  some  detail  one  or  more  fossils  of 
each  group  is  not  followed,  probably  because  the  authors  believe  that  “  in 
an  infroductory  study,  little  or  no  effort  should  be  extended  on  becoming 
acquainted  w  ith  the  names  and  many  of  the  distinguishing  characters  of  the 
genera  illustrated  ”.  Fmphasis  is  laid  instead  on  theoretical  morphology 
and  on  the  latest  classification.  Fach  of  the  twenty-two  chapters  devoted  to 
phyla  or  classes  begins  with  a  good  general  and  zoological  description,  which 
is  followed  by  a  long  section  describing  and  illustrating  every  conceivable 
morphological  term.  Such  information  given  with  scarcely  any  mention  of 
the  fossils  themselves  is  surely  a  sterile  burden.  The  remaining  part  of  each 
chapter  discusses  the  classification  and  then  devotes  a  paragraph  to  approxi¬ 
mately  each  family  group;  the  profuse  illustration  of  this  section  is  arranged 
stratigraphically,  is  accurately  but  very  briefly  described  in  the  figure-legends 
only,  and  is  not  really  related  to  the  text.  Naturally  the  species  selected 
are  almost  all  American  and  even  the  choice  of  genera  would  frequently  be 
difficult  to  illustrate  in  this  country.  Such  familiar  types  as  Lit/iostrotion, 
Palaeosmilia,  and  Lon.sclaleia  on  the  other  hand  are  either  omitted  or  very 
poorly  figured.  With  so  many  illustrations  it  is  perhaps  inevitable  that  some 
should  be  ineffective,  and  this  falls  particularly  in  the  chapters  dealing  with 
corals,  ammonites,  and  graptolites;  among  the  last-mentioned  the  sicula  is 
represented  by  a  considerable  variety  of  distortions.  Some  of  the  morphology 
diagrams  such  as  fig.  8-5,  p.  284  (gastropods)  and  fig.  17-9,  p.  596  (blastoids) 
are  spoilt  by  a  clumsy  system  of  bordercd-line  detail  notation;  others  are 
under-reduced  and  some  over-drawn  (fig.  6-5,  p.  201,  brachiopod  hinge). 
Many,  however,  are  excellent. 

There  is  a  deliberate  policy  of  omitting  acknowledgments  to  original 
authors  of  figures  on  the  ground  that  they  are  well  known.  Apart  from  the 
propriety  of  this,  there  is  a  definite  loss  to  the  student  of  a  knowledge  of  the 
literature,  unconsciously  acquired  from  such  sources.  This  desire  to  stream¬ 
line  has  perhaps  led  to  the  modified  system  of  nomenclature  for  heterodont 
lamcilibranch  teeth  which  is  proudly  presented  in  the  introduction.  It  is 
purely  a  shuffling  of  numbers  to  avoid  a  so-called  fraction,  which  has  the 
effect  of  obscuring  the  presumed  connection  in  ontogeny  between  anterior 
laterals  and  cardinals  and  appears  therefore  to  be  a  major  lapse. 

Classification  is  fully  covered  although  with  a  tendency  to  include  untried 
groups  such  as  Schi/ocorals,  Heterocorals,  and  Protoparia.  Trilobite  phylo- 
geny  ends  w  ith  a  diagram  of  a  far-distant  (but  dotted)  connection  of  all  groups 
in  the  Pre-Cambrian,  when  inspiration  in  this  field  is  surely  more  likely  to 
come  from  concentration  on  fact.  Douville’s  attempt  at  lamellibranch 
classification  is  apparently  misunderstood  and  passed  over. 

General  considerations  which  would  perhaps  be  better  divided  into  intro¬ 
ductory  and  advanced  sections,  are  all  covered  rather  briefly  in  a  simple 
opening  chapter,  much  of  which  would  have  to  be  re  .d  later  for  any  com¬ 
prehension.  This  really  gives  the  tone  of  the  whole  book  which  is  one  of 
completeness  and  self-satisfaction ;  i‘  does  not  show  clearly  the  way  to  any 
possible  advances  in  palaeontology.  Perhaps  this  is  unfair  criticism  in  view 
of  the  title,  but  after  reading  the  claims  in  the  preface,  one  had  hoped  more 
for  signposts  than  a  purely  encyclopaedic  survey. 

The  book  is  clearly  printed  and  set  out  and  very  free  from  printer's  errors. 
There  is  an  annotated  bibliography  to  each  chapter  and  a  full  index  which  is, 
however,  printed  in  uncomfortably  small  type.  University  staff  will  probably 
find  the  book  useful  in  many  ways,  particularly  for  quick  reference  to  common 
American  species  and  for  descriptions  of  groups  such  as  Palaeozoic  nautiloids 
which  are  not  yet  adequately  covered  in  British  textbooks.  N.  F.  H. 
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